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‘The peanut-shape th a t you see in these edge-on bulges has never been modelled 
successfully, as far as I know. People have tried. We have tried  it, bu t the guy 
who was doing it decided th a t he did not want to do astronom y after trying 
th is .’
K. C. Freeman 1978.
A b strac t.
This thesis presents new distribution function models of axisymmetric, cylin­
drical rotating, box-shaped galactic bulges. The distribution function used is a 
function only of the two classical isolating integrals of an axisymmetric system, 
energy (E ) and the component of angular momentum parallel to the axis of 
symmetry (hz). The major difference between these models and previous ones 
is the mode of truncation of the distribution function. Traditionally, axisym­
metric models have distribution functions which are energy truncated, that is, 
only orbits with energies lower than a specified value are included in the model. 
The models presented in this study have a distribution function which is trun­
cated along a contour of constant phase density in the (E, hz) plane, such that 
an orbit’s inclusion in the model depends on its energy and z-angular momen­
tum. The truncation contour has the same functional form as all of the other 
contours of the distribution function in the (E , h z) plane. This ensures that 
the mean rotation in the models is cylindrical. We argue that this mode of 
truncation is similar to what would be found in a system which has suffered 
significant dissipation.
The models were compared to new kinematic and photometric observations 
of the box-shaped bulges of two spiral galaxies, NGC 3390 and NGC 5746. 
The models reproduce well both the dynamics and density distributions of the 
bulges of these two galaxies, and require no mass-to-light variations within the 
systems.
In addition, two SO galaxies with large, very flattened, peanut, bulges were 
studied. One of these systems, NGC 6771, appears to be interacting with 
two nearby spiral galaxies while the other, IC 4767, is isolated. The surface 
photometry shows that these two systems are similar. In particular, both show 
ring-like features in their disks. This is believed to be evidence that the bulges in
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these galaxies are somewhat triaxial. Also, a dynamical model was compared to 
the surface photom etry of NGC 6771. Although the model failed to reproduce 
the high concentration of the bulge, the fit to  the surface photom etry was good 
except in the inner few arcseconds. A slightly different distribution function 
which may give b e tte r models of these systems is outlined.
Various form ation theories of box-shaped galaxies are examined. We ten­
tatively favour the merger picture of the form ation of these systems. It is 
speculated th a t the small, box-shaped bulges in the spirals are created through 
the accretion of satellites by the host disk system. The bulges of the two SO 
galaxies could also be formed this way or possibly through the merger of two 
similar sized disk galaxies.
Finally, we suggest th a t the recently found box-shaped ellipticals may be 
modelled using the distribution function outlined in this study.
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C H A PT E R  ONE
In tro d u ctio n
1 .1  G eneral
A fundam ental problem of astronom y is to understand  the processes of 
galaxy form ation. An enormous am ount of effort has been directed to towards 
studing this problem, and yet a comprehensive, verifiable theory still eludes 
us. The m ajor theoretical work in this field can be broadly classified into two 
approaches.
The first, and perhaps most direct, approach is to follow the tim e evolution 
of a model galaxy, starting  from an assumed initial configuration. The system 
is allowed to  evolve until it reaches an equilibrium  sta te , which can then be 
com pared to  the structure and kinematics of present day galaxies. There are 
numerous examples of this approach; A arseth and Binney (1978), G ott (1973), 
Larson (1969, 1974), van A lbada (1982). The choice of initial configurations for 
these models is somewhat arb itrary  and can significantly affect the outcome (cf. 
van A lbada, 1982). However this approach can give useful information about 
conditions im mediately before the collapse of the  galaxy started .
An alternative m ethod is to adopt an archaeological approach. The present 
structu re  and kinematics of a galaxy are examined for evidence of various forma­
tion processess, such as relaxation and dissipation. An example of this m ethod, 
in the case of our own galaxy, is the study by Eggen, Lynden-Bell and Sandage 
(1965) of the  abundance and dynamics of local stars.
B oth of the above approaches rely on an understanding of the present struc­
ture  and dynamics of galaxies. In the first m ethod, this is required for the 
comparison w ith the end result of the sim ulation, and in the second as a s ta r t­
ing point for the study. One way of attain ing  th is understanding is to  build
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detailed, equilibrium  models which can then be directly compared to observed 
s truc tu ra l and kinem atical properties of galaxies.
The particu lar type of equilibrium modelling used in this study is distribu­
tion function modelling. It is the form of the d istribution function, necessary to 
produce a model th a t agrees w ith observations, which gives clues to the galaxy 
form ation process. Also, if dissipation is the dom inant process in the forma­
tion of a system , as is thought to be the case in galactic disks, then  most of 
the initial conditions would be erased. It is for this reason th a t the study of 
spheroidal system s is im portant. In these com ponents the orbits of the stars 
may still reflect the dynamics of the initial d istribution from which the system 
collapsed.
Due to  their apparent simplicity and brightness, the first systems to be 
studied in detail were elliptical galaxies. Observations over the past decade have 
shown these systems to be far from simple. Not only is there insufficient rotation 
to  explain their apparent flattening, but m any appear to  be non-axisymmetric.
The advent of m odern photoelectric detectors has facilitated the study of 
fain ter system s such as the spheroidal com ponents, or bulges, of disk galaxies. 
These system s, unlike elliptical galaxies, have a well defined equatorial plane. 
Also, kinem atic observations show bulges to have shapes consistent w ith ax- 
isym m etric, rotationally  flattened, oblate spheroids. Recent dynam ical models 
(Jarvis 1986) fit well to  the large spheroidal bulges of some disk galaxies. Un­
fortunately , these models fail to  explain bo th  the appearance and dynamics of 
a large class of smaller bulges. These differ from the large spheroidal systems 
by their box-shaped isophotes and cylindrical ro tation; th a t is, the rotation 
velocity is independent of the height above the equatorial plane. It is these 
box-shaped bulges which are the subject of this thesis. Since our own galaxy 
has a sm all bulge it is particularly im portan t to understand  these systems.
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There are two main aims of this thesis:
(a) The collection of photom etric and kinematic da ta  on a sample of four 
box or peanut-shaped galaxies.
(b) The development of detailed, self-consistent dynamical models to explain 
the observed structu re  and kinematics of these bulges.
A brief outline of previous work in this field is presented in the next section.
1.2 P rev io u s R esearch
Galactic bulges are ju st one of a num ber of stellar system s known collectively 
as the spheroidal com ponents of galaxies. A comprehensive review of both  the 
theoretical and observational work done in this entire field would constitute a 
thesis in itself, so only the research relating to galactic bulges will be reviewed 
here. For a more complete discussion, the reader is referred to  the excellent 
reviews of G ott (1977, 1980), Freeman (1975, 1977), and Binney (1982).
Due to their struc tu ra l similarities, comparisons have often been made be­
tween galactic bulges and elliptical galaxies. It is only recently, since the advent 
of efficient photon counting detectors, th a t a comparison of the dynamics of 
these systems has been possible. Elliptical galaxies, being the brightest, were 
the first to  be scrutinized. The ro tation  curves obtained by B ertola and Capac- 
cioli (1975), Illingworth (1977) and Schechter and Gunn (1979), showed th a t 
many of these system s have far too little ro ta tion  to account for the observed 
flattening. Anisotropy in the velocity dispersions was invoked to explain the 
observed deviations from spherical sym m etry in these galaxies (Binney 1980a, 
b).
In contrast, ro ta tion  curves of large spheroidal bulges (Korm endy and Illing­
w orth 1982, hereafter referred to  as KI) indicate th a t these systems do have 
enough ro tation  to  account for the observed flattening. O blate axisymmetric 
models produced by Jarvis and Freeman (1985a, b), m atched bo th  the observed
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kinem atics and surface density of a num ber of large spheroidal bulges very well. 
These distribution function models employed only the two classical integrals 
of m otion for an axisym metric system, energy, and the com ponent of angular 
m om entum  parallel to the axis of sym m etry (z com ponent).
The apparent dichotomy between the kinem atics of bulges and ellipticals 
became doubtful after Davies et al (1983) observed th a t some small ellipticals, 
of similar absolute luminosity to the large spheroidal bulges, do have enough 
ro ta tion  to be consistent w ith oblate spheroids. They noted, however, th a t 
bulges do not show the same decrease in ro ta tion  w ith increase in luminosity 
as found in ellipticals. Also, many edge-on galactic bulges have pronounced 
box-shaped or even peanut-shaped structu re  (Korm endy and Illingworth 1982, 
Jarvis 1986), and some boxy ellipticals have been found recently (Lauer 1985).
Box-shaped bulges exhibit cylindrical ro ta tion  (see KI), whilst spheroidal 
ones do not. There are a num ber of examples of such bulges, particularly in 
late-type disk systems similar to the Milky Way (Jarvis 1986). Obviously it 
is im portan t to understand the structure  and dynamics of these small bulges 
which differ from their larger spheroidal cousins.
There have been two previous a ttem pts to  model these systems, one using 
an equilibrium  distribution function approach (Binney and Petrou, 1985), the 
other an N-body code (May, Van A lbada and Norm an, 1985). M ay et al. took 
the  initial configuration for the N-body models to be a non-rotating, triaxial 
bulge. This was then subjected to an imposed cylindrically sym m etric torque. 
This torque was used to  sim ulate the effect on the bulge of a bar in the disk. 
After a period of tim e (0.64 Gyr) the torque was removed and the system  
allowed to  settle into equilibrium. The resu ltan t systems have boxy isophotes 
in projection, and nearly cylindrical ro ta tion  in the meridional plane. (It would 
be interesting to know w hether the projected ro tation  velocity in these models
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is also cylindrical.) W hen the imposed torque is allowed to be non-cylindrical, 
as may be the case in real galaxies, the models no longer a tta in  a box-shape 
or cylindrical ro tation. May et al noted th a t though the models s ta rt from 
triaxial distributions, the end result is very nearly an axisym metric bulge. These 
models indicate th a t a self-consistent, axisym metric equilibrium  galaxy w ith 
box-shaped isophotes can exist.
Binney and Petrou chose to  model these systems using an equilibrium  distri­
bution function approach. These models have bo th  box-shaped isophotes and 
cylindrical ro ta tion  in projection, bu t are not self-consistent. The bulges move 
in an imposed spherical potential and do not respond to their own self-gravity. 
The sym m etry of the imposed potential is necessary due to the use of a third 
integral which is only a constant of the m otion in a spherical potential. The 
actual distribution function used is unusual in th a t it has a peak in phase space 
around a family of orbits which have high azim uthal velocities and a bowtie 
appearance in the meridional plane. It is the  excess of stars in these orbits 
which give rise to the box-shape in the resu ltan t models. These systems have 
cylindrical ro tation  in projection and the m ean ro tation  velocity is a m aximum 
at a point above the major axis in the m eridional plane. Binney and Petrou 
argue th a t the accretion of a small satellite by a norm al spheroidal bulge could 
give rise to  the peak in the distribution function. As m entioned previously these 
models assume a spherical, underlying potential. Since most box-shaped bulges 
occur in disk galaxies, the potential is more likely to  be quite flattened. Also, 
if the satellite galaxy was small com pared to  the host spheroidal bulge, the 
la tte r would dom inate the observed dynamics and density distribution. Thus 
the distribution function of a self-consistent, cylindrical ro ta ting  bulge remains 
to  be determ ined.
To test a dynamical model of these system s, two types of da ta  are required:
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(i) detailed surface photom etry, and
(ii) extensive radial velocity and velocity dispersion data.
This kind of da ta  is available for very few bulges, and only one of these, 
NGC 4565, is box-shaped (Kormendy and Illingworth 1982). Kormendy and 
Illingworth found NGC 4565 to be cylindrically ro tating  out to large distances 
from  the equatorial plane, z =  30. Jensen and Thuan (1981) discovered th a t 
the  minor axis of this galaxy has an excess over the R 1/4 law (de Vaucouleurs 
and Capaccioli 1979) in the outer parts. In contrast, Tsikoudi (1979) found 
the  minor axis of NGC 4111, a box-shaped galaxy, to be deficient in light w ith 
respect to an R 1/4, beyond r  =  15arcsecs. There is an obvious need for more 
observations on this type of system.
1 .3  T hesis O u tlin e
C hapter 2 discusses the general technique of d istribution function modelling 
of axisym metric systems. The numerical procedures and checks used are de­
scribed in detail. Some of th e  bulges which are modelled in this thesis lie in large 
disk systems. Consequently, it was necessary to include an imposed disk poten­
tial in some of the models. The disk potential used along w ith the associated 
mass distribution is described.
Also, the distribution function used to model the cylindrical ro ta ting  bulges 
is outlined. The m ajor difference between these models and previous ones is 
the m anner in which the distribution function is truncated . The reason for this 
mode of truncation  is discussed, along w ith the  various properties of the models 
which result from it.
C hapter 3 details the reduction procedures used in the analysis of the surface 
photom etry and kinematic da ta  on the four galaxies observed.
C hapter 4 presents the d a ta  and models for the spiral galaxy NGC 3390.
C hapter 5 presents the d a ta  and models for the o ther spiral galaxy included
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in the study NGC 5746.
C hapter 6 presents the d a ta  and models for the SO galaxy NGC 6771. 
C hapter 7 presents the d a ta  for the second SO galaxy IC 4767 together with 
some kinem atic d a ta  on the galaxy NGC 4469.
Finally, chapter 8 discusses the m ain conclusions of this study.
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C H A PT E R  TW O
D istribution  Function M odelling
2.1 Introduction.
Since galactic bulges contain large num bers of stars, two-body interactions 
are un im portan t (Spitzer and Harm, 1958). Any s ta r w ithin the bulge responds 
only to  the sm ooth, mean gravitational field due to  o ther members of the system. 
It is therefore possible to  describe a tim e-independent system  in term s of a 
single particle distribution function f ( f , v ), which gives the density of stars at 
the point ( f , v) in phase space, ie:
f ( r , v ) d v d r  =  the num ber of stars at the position f, w ith  velocity v in d vdr.
For a collisionless system , in equilibrium , f ( r , v )  is a solution of the time 
independent Vlasov equation
~
dr  dr  dv
where $  = th e  gravitational potential.
The distribution function completely specifies the struc tu re  and dynamics 
of the  stellar system. Jeans (1922) showed th a t a distribution function which 
is only a function of the integrals of m otion is a solution of Vlasov’s equation. 
An integral of motion (Lynden-Bell, 1962) is any quantity  th a t is conserved by 
a s ta r  during its orbit, eg. the to ta l energy of a star.
The assum ed distribution function used in this study is a function only of the 
two classical isolating integrals of m otion for an axisym m etric system; energy, 
and the  ^com ponent of angular m om entum . In addition, for a stellar system  
to be self-consistent, (ie. respond to  its own self-gravity), Poisson’s equation 
m ust be satisfied ie;
V 2$  =  4 ?rGp (2.2)
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where:
p — volume density 
G = gravitational constant
One advantage of the distribution function approach is that the spatial dis­
tribution of directly observable quantities, such as the projected density and 
velocity distributions, can be easily derived from the models. This is in con­
trast to methods involving global quantities, such as the tensor virial theorem.
There are, of course, many other approaches to the problem of self- 
consistent antisymmetric, equilibrium galaxy modelling. Lynden-Bell (1962 see 
also Hunter, 1975) developed an inversion technique which can recover the dis­
tribution function of an antisymmetric system from the density distribution. 
Lake (1981) used this method to construct distribution functions of prolate 
galaxies. However only the part of the distribution function which is symmet­
ric with respect the z angular momentum can be recovered from the density 
alone. As a result, Lake’s models are non-rotating. In principal the asymmetric 
part of the distribution function can be recovered if the mean rotation through­
out the system is known. Observationally, this is rarely the case and so the 
method is not generally applicable to the modelling of galactic bulges which 
have significant net rotation.
Perhaps the most direct approach to modelling equilibrium systems is the N- 
body method (eg May, van Albada and Norman, 1985). One of the advantages 
of this technique is that it provides a direct test of the stabilty of the system. 
However, for systems with a high density contrast, an extremely large amount 
of computing time is required to produce a model. This is the case for box­
shaped bulges were the isophotes differ from those of speroidal bulges at low 
density levels, and as a consequence large numbers of particles (~  10,000) are
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required to model them  accurately.
Schwarzschild (1979) developed a general linear programming technique for 
constructing dynamical models of equilibrium systems. The model relies upon 
the numerical integration of orbits in an assumed potential to produce an oc­
cupancy value for each of the allowed orbits. The model is then constructed 
by combining the orbits in such a way so as to  reproduce the initial, assumed 
density distribution. In the case of an axisym metric system  (Richstone, 1980), 
the com putational effort required is less than  for a general triaxial figure, but 
still considerable.
In this study, an assumed analytic form for the d istribution function is used 
to construct a dynamical model. This typically required 8 m inutes of CPU time 
on the M ount Stromlo VAX 11/780. The choice of the d istribution function 
is discussed in a later section. The general model construction technique is 
outlined next.
2.2 Outline of the Technique.
Since the distribution functions considered here are only functions of the 
integrals of motion, the Vlasov equation is autom atically satisfied. The problem 
then reduces to solving Poisson’s equation (2.2) w ith the density given by;
where,
E  =  \ v 2 +  ±v2e +  \v^  +  $ (r )  =  the energy per unit mass, 
and
h = rVtfismd: the z angular m om entum  per unit mass in spherical polar 
coordinates.
Substitu ting into equation (2.2) one obtains,
(2.3)
V 2$ (r)  =  4ttG f  / ( ! « 2 +  h j  +  +  4>(r),ru# sin0) dvrdvedv^ (2.4)
J Zt z z
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which is a non-linear, elliptic, partial differential equation for the potential 
3>(r). This equation is solved by an iterative procedure. An estim ate of 3>(r) 
is inserted into the R.H.S. of (2.4), and the partia l equation solved to produce 
another estim ate of the potential. This process is repeated until the potential 
(or density) converges.
To summarize, once a distribution function is chosen, the construction of a 
model consists of four basic steps.
(1) An initial guess is m ade for the density at each point on a 3-dimensional 
grid. Typically a King model (1966) was used as the first density estim ate.
(2) The potential due to the initial density, is evaluated at each grid point 
via Poisson’s equation.
(3) The distribution function is integrated, using the previously calculated 
potential, to produce the new density estim ate a t each point.
(4) The new potential is found at each point via step 2. The procedure is 
iterated  until the model converges ie: the density a t each point differs by less 
th an  0.1% from the value a t the previous iteration.
This procedure is essentially the same as th a t developed by Prendergast and 
Tom er (1970), hereafter refered to as P T . Before examining each of the above 
steps in detail, the form of the assumed distribution function will be discussed.
2.3 The Distribution Function.
The form of the distribution function / ( r ,v )  is determ ined by the processes 
of galaxy form ation. Details of these processes are fax from understood, so the 
choice of / ( f ,  v) is difficult. However, Lynden-Bell (1967) (hereafter referred to 
as LB) outlined a statistical mechanism which determ ines the resultant struc­
tu re  of a collisionless, collapsing galaxy. The process, known as violent relax­
ation, operates when the gravitational potential in the galaxy is varying in a
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violent m anner, ie. on the free fall timescale. This is believed to be the case 
in a stellar system  collapsing from an irregular initial configuration (van Al- 
bada 1982, and references therein). As for a system  of gas molecules, statistical 
mechanics assumes th a t the collapsing stellar system  will try  to  maximize the 
am ount of entropy present. LB found th a t the resu ltan t d istribution  function 
of a ro ta ting  system , subject to  the constraints of conservation of mass, energy 
and angular m om entum  is;
f { E , h z) a  e-ß(E~nh') (2.5)
where /?, H are constants. The detailed initial s tructu re  of the collapsing galaxy 
is erased by the rapidly varying potential. The dynamics and structu re  of the 
resu ltan t equilibrium  system are determ ined only by the global properties of 
the initial configuration, ie. to ta l mass, energy and angular m om entum .
The distribution  function (2.5), which is ju s t the Boltzm an distribution, 
has had great success in explaining the observed structu re  of m any spheroidal 
stellar system s. King (1966) used the spherical form of this function, Q =  0, 
to  successfully model the surface brightness profiles of globular clusters. Jarvis 
(1985) found th a t a similar d istribution can be used to models large spheroidal 
bulges well.
U nfortunately, as noted by LB, there is a lim it to  the applicablity of equation 
(2.5). This restriction  arises because orbits which lie outside the region of the 
violently varying potential (ie. relaxing region) will not receive the full quota of 
stars accorded them  by equation (2.5). LB suggested th a t a suitable alteration 
to  the form  of / ( r ,  t;), which would take into account the depopulation of these 
orbits is;
/ ( ? , ( 2.6) 
where H  =  r x v,  and r0 is a measure of the radius of the relaxing region. 
The problem  w ith  using / ( f ,  v) w ith the form of (2.6) is th a t, for a general
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axisym m etric system, H  is not an integral of the motion. The to ta l angular 
m om entum  H  is only an integral of the motion in a spherical system. Equation 
(2.7) is therefore not a solution of Vlasov’s equation for an axisym metric system. 
Therefore it was decided to replace the to ta l angular m om entum  H  by its z- 
com ponent hz. The distribution function used is;
f ( E , h z) =  e-ftz-M'+hSlirl)  (2.7)
The last term  in equation (2.7) depopulates both  prograde and retrograde 
orbits w ith high z angular m om entum , whilst the second term  enhances only 
the prograde orbits. This d istribution function is similar to  th a t used by Wilson 
(1975) and does not depopulate the high H , low hz orbits as strongly as in the 
case of (2.6). These orbits are, however, depleted by the way in which f ( E , h z) 
is truncated .
2 .4  T ru n cation  o f th e  D is tr ib u tio n  F u n ction .
To limit the extent and mass of a stellar dynam ical model, the  distribution 
function m ust be truncated . Traditionally, this has been achieved by use of 
an energy cut-off (King, 1966, M itchie, 1963) and as a consequence the mean 
ro tation  velocity m ust fall to  zero in all of these models. King modelled spherical 
clusters which he considered to be tidally truncated  by the potential field of the 
galaxy. In these models, s tars on radial orbits, which are more energetic than  
the  cut-off energy, would escape from the bounds of the system . This is not 
the case for stars w ith significant tangential motions. These stars, even w ith 
energies equal to the cut-off energy, rem ain well w ithin the system. Therefore, 
w hether a s tar is a m em ber of a stellar system  depends on bo th  its energy and 
angular m om entum  ie. the cut-off is a function of E  and hz. The models used 
here were truncated  such th a t all of the contours of the d istribution function 
are self-similar;
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( 2 . 8)
where
Although this m ethod of truncation  looks more com plicated than  the trad i­
tional energy cut-off, we shall see later th a t it leads to several desirable model 
properties and a considerable simplification of model calculations.
Figure 2.1 shows a Lindblad diagram  (Lindblad 1933) for models using this 
type of distribution function. In this diagram , orbital energy E  is plotted 
against ^-angular m om entum  hz. Each orbit corresponds to a single point in 
the E -h z plane. For any given ^angu lar m om entum  hz, the orbit w ith the 
lowest energy corresponds to  a circular orbit in the equatorial plane. These 
circular orbits form the lower boundary of the models in the E -h z plane, and 
are indicated by the line m arked Ecirc. The upper boundary of the model is 
form ed by the truncation  contour E truc\
m om enta FT, and therefore high energies, lie in the region m arked Hhigh above 
the model. These orbits, which were discussed in section 2.3, are discrim inated 
against by the truncation  used.
It is this truncation  m ethod which differentiates the models from those used 
in previous studies of 3-dimensional axisym metric systems. Kalnajs (1976) stud­
ied 2-dimensional models using a d istribution function which were truncated  
along a contour of Jacobi’s integral ie:
M any of the orbits w ith low ^-angular m om enta hz, bu t high to ta l angular
if £ <  0; 
if £ >  0.
(2.9)
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where f  =  E  — Uhz , Jacobi’s integral.
M erritt (1985) has studied spherical models truncated  using a somewhat 
similar technique:
f ( E , H )  = if Q < 0; 
if Q > 0.
(2 . 10)
T T  2  f
where, Q = E  ±  ^  and r a is a measure of the am ount of velocity dispersion 
anisotropy in the system. M erritt showed how models of this form  can be used 
for the inversion of spherical density distributions to  retrieve the functional form 
of the distribution function ie. g(Q)  in equation (2.10).
The observations of Korm endy and Illingworth, (1982) as well as Jarvis 
(1981), indicate th a t the box-shaped bulges have more specific angular momen­
tum  then the larger systems. Therefore, dynamically, these systems are inter­
m ediate between disks and spheroidal bulges. Consider now the appearance of 
these systems in the Linblad diagram.
A cold galactic disk consists of stars in purely circular orbits. The single 
line E circ in Figure 2.1 represents all of the orbits in such a system . In contrast, 
a spheroidal bulge occupies the region extending from the circular orbit line 
E circ to the dashed line representing an energy cut-off E  =  E q. A system  of 
interm ediate flattening and ro tation , occupies the region near the circular orbit 
line (Jarvis 1981). It can be seen from Figure 2.1 th a t this is ju s t the region 
occupied by models truncated  according to  equation (2.8).
In addition, as the central concentration of the models increases, the circular 
velocity line in Figure 2.1 becomes an increasingly sharp trough. Therefore, 
because the contours of f ( E , h z) are quadratic in E  and hz , the system  cannot 
be extrem ely concentrated if the model is only to occupy the region near the 
circular orbit line and as a consequence be very flattened. It is interesting to  
note th a t this agrees w ith observations. The flattest systems, such as galactic 
disks, are far less centrally condensed than  spherical system s, such as galactic
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bulges and elliptical galaxies. O ther properties of these models are discussed in 
the following section.
2.5  Som e M o d el P ro p er tie s .
The most im portant property of the models, due to to  the mode of trunca­
tion, is cylindrical ro tation. To illustrate why the models ro ta te  in this fashion, 
let us consider the orbits of stars passing through a point (r, 0 ,0 ). The distri­
bution function describes the relative num ber of stars w ith velocities, 
which contribute to the density a t this point.
=  e - ß ( E - n h , + h l / 2 r l )
v"2 R 2
-0 ( M + H + * -n”*Ä+-£5-)
where v \  = v* +  vj, and R  = rs in fl is the cylindrical radius. By completing 
the square in v$ it can be shown th a t,
/ ( ? ,  0) =  e- «  (2.n )
Therefore, a t a particular position r (and thus <£(r)), the d istribution of stellar 
velocities is a displaced Gaussian. Figure 2a illustrates the dependence of / ( r ,  v) 
on the velocity com ponents (v±,vo). The Gaussian is centred on the velocity 
point
v_L =  0
n R
V* -  (1 + Ä*/rg)
The velocities of the stars which can contribute to  the density a t the point 
r, are lim ited by the truncation  of the distribution function ie. only stars with 
velocities such th a t
X <  0
where x is given by (2.8), are allowed. This equation can be rew ritten as;
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f  (»1 + (1 + x'/rSHvl ~ (Tt S m ) v*]) + * -  0
» i  +  U +  t f / r ä K  - ( T T ^ Ä l ) )  *  -  ( i T ^ Ä ! ) 1 (2-12)
Therefore the truncation contour is a displaced ellipse in velocity space. The 
ellipse is centred on the same point as the peak in the distribution function
=  0
n r
V* -  (1 +  Ä*/r?)
Because of this concentricity, the mean velocity of the stellar distribution at the 
position (r, 6) is simply,
/ \ Hi2
M  = ( 1  TW(2 ' 1 3 )
The m ean ro tation  velocity depends only on the cylindrical radius R , and is 
known before the model is com puted. This is in contrast to models w ith energy 
cut-offs which have as a truncation contour
E  < 0 
\ ( v l  +  v\) < $
This is a circular contour centred on the origin, v# = v± = 0; as illustrated 
in Figure 2b. Because the truncation  contour is not concentric w ith the peak 
in the stellar velocity distribution; the m ean velocity is not known before the 
model calculation. In addition, since only radial orbits can reach the boundary 
of the model, there the mean ro tation  velocity m ust fall to zero. Therefore these 
systems cannot ro ta te  cylindrically everywhere.
The boundary of the energy cut-off models corresponds to the potential 
contour $ (r ,0 )  =  0 which is generally close to  spherical in shape. In the case of
the cylindrical ro tating  models defined by (2.8), the density falls to zero when
-Q 2R 2
(2-14>
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This result follows from equation (2.12). Even in the presence of an imposed 
spherical potential the boundary of these systems can be severely flattened. 
Some of the box-shaped bulges which are modelled later have axial ratios of 
~  3 : 1, so this is a highly desirable model property.
A nother im portant property of the cylindrical ro tating  models, is the equal­
ity between the r and 9 components of the velocity dispersion. This is a general 
property  of any axisymmetric system w ith only energy and z-angular momen­
tu m  as integrals of the motion. The form of the velocity dispersion, els a function 
of position, is given in the next section.
2 .6  E x p re s s io n s  fo r  th e  D e n s ity , V e lo c ity  a n d  V e lo c ity  D isp e rs io n . 
The integrals for the density, m ean velocity and velocity dispersion are:
p(r,9) = J  e Px dvrdvQdv^
1 rx< o
(vi) =  — e PxVi dvrdvedv^ 
o J
o 2
1 /*x<o
— J e~Pxv* dvrdvedvf — (ut)2
where
and, i = r, 9 or (f>. All of these integrals are most easily evaluated by transform ­
ing to  a differentially ro ta ting  reference frame. The transform ation equations 
are
K = vr 
v'e = ve
<; -  «K  -  * £ )
where, a 2 =  (1 +  R 2/r l ) .  In this frame x takes the simple form
x' = 2 V r  + 2 V '° + 2 ° *  + *' (2.15)
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where <E>' is the pseudo or effective potential, defined as:
$ '(r ,0 )  =  $
\ n 2R 2
(2.16)
These results axe explained in more detail in Appendix A. The boundary of 
the model is simply the surface where the effective potential equals zero. Also, 
because the d istribution function is quadratic in this ro ta ting  frame, the mean 
ro ta tion  velocity (t;^) is identically zero everywhere. Thus from the transfor­
m ation equations above, the mean ro tation  velocity in the norvrotating frame 
is:
/ \ _ £IR
M  ~  (1 + Ä*/r?)
This is the same result found earlier (see equation (2.13)).
The density and dispersion integrals are evaluated in Appendices A and B, 
and the resu ltan t expressions are:
p M )  =  0 ^ ( e* \ / f er^ v/^  ~  (2-17)
<»,*> =  -  V^2* )  -  ^ (2* ) 3/2) (2-18)
where,
=  - / ? $ '
and,
j { x )  = ~j= [  e t2 dt 
\/7T  JO
which is the error function. Due to the sym m etry of the distribution function 
in vr and vg,
2 2 
=  ° r
Also, it is shown in Appendix B th a t
4  = (1 + ■*) (2.19)
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The anisotropy in the velocity dispersion as well as the m ean velocity are known 
before the model is calculated. This, again, is in contrast to energy cut-off 
models.
The potential m ust be known before the density and velocity dispersion can 
be calculated via equations (2.17) and (2.18). The evaluation of the density 
corresponds to step 3 in the outline of the model construction procedure given 
in section 2.2. The velocity dispersion, however, is only calculated after the 
model has converged.
2.7  D im en sio n less  U n its .
Before considering the  solution of Poisson’s equation (2.2), all of the unessen­
tial constants are elim inated by the introduction of dimensionless units (see P T ). 
Let an asterisk subscript denote a dimensional quantity  (constant, variable or 
operator); and no asterisk denote a dimensionless quantity. The scaling used 
in this analysis is -
r =  r* /R t where R t is the  equatorial radius of the model,
v = where ß  is the inverse velocity dispersion param eter in equation
(2.18),
and p =  (po/po*) P* where po is the central density.
The first of these equations fixes the equatorial boundary of the model a t a 
dimensionless radius of unity. From the above equations, the transform ations 
for other quantities follow:
V 2 =  R?V? (2.20)
$  = (2.21)
, .$ ' =  ß§\= $  +  *
/ V *
(2.22)
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where the negative in the second equation is introduced for convenience, and 
the  last transform ation follows from the definition of the effective potential, 
equation (2.16). Also,
n =  \ j 2 ß  n*r*, (2.23)
and, as a consequence, the dimensionless m ean ro tation  is
W  (1 + 
In  term s of these dimensionless quantities, Poisson’s equation (2.2) becomes
V2$ =  Xp (2.24)
where
A =  -47rGRtßpo*/po
King (1966) defined the concentration param eter,
(2.25)
c = R t/ r e
where
r] = 9/iwGßpo.  (2.26)
the  core radius.
This param eter, c, is a useful way of characterizing models. Models of large 
spheroidal systems, such as elliptical galaxies, tend  to  have higher concentra­
tions. In the case of the models using the scaling outlined above, c is obtained 
by combining (2.25) and (2.26). The concentration param eter becomes,
c =  R t/ r c = (2.27)
Thus decreasing A, which is always negative, corresponds to increasing concen­
tra tion . The solution of the dimensionless Poisson’s equation (2.24) is described 
next.
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2.8 S o lu tio n  o f P o is s o n ’s E q u a tio n .
Due to the axial sym m etry of the models, equation (2.24) is most easily 
solved by expanding bo th  the potential and density in term s of Legendre poly­
nomials ie:
p ( r , 9 )  =  ^  P n { r ) P n ( c o s 6 )  (2.28)
n= 0 
oo
* M )  =  E ® » (r)^ » (c o s tf )  (2.29)
n = 0
where
P n ( r ) =  i ( 2 n  +  1) J  p(r, 9 )  Pn{cos 9 )  d 9  (2.30)
=  ^(2n  +  1) J  $ (r , 9 )  P n(cos 0) <20 (2.31)
Poisson’s equation
V 2$  =  A p (2.24)
is solved for the potential, subject to  two boundary conditions.
The first condition is th a t the central dimensionless potential equals a spec­
ified value, $ 0 ie:
$ (0 ,0 ) =  $ 0 (2-32)
The second condition is th a t the density, and therefore effective potential,
equals zero a t a dimensionless radius of one in the equatorial plane, ie:
*'(!,£) = °  (2-33)
Therefore from equation (2.22) the potential a t the equatorial boundary is
7r \Vl2
* (1 ,2 ) =  “ V  (2-34)
The solution for (2.24) w ith these conditions is,
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/ r r
$(r,0 ) =  $ 0 +  r'p0(r') d r ' -  J  r'1 2p0{r') dr'
'o o
-  A £  (r" J  <*' +  - 1 _  /  ^ p . ( r - )  * • )  (2.35)
n - 2  \  r 0 '
which is the same as that obtained by PT for the energy cut-off case.
The scaling parameter A is adjusted each iteration to keep the equatorial 
boundary at a radius of 1. The value of A is obtained from this second boundary 
condition (2.34) and is
A = ($0 + h f ) ( -  /  rVo(r') dr' +  f )  j /<»+’)„„ (/) *>)-* (2.36)
a  l n= o 2 n  + 1 J
where $ 0 is the central potential as defined in equation (2.32). This differs from 
the result for the energy cut-off models of PT, because of the second boundary 
condition (2.34). Note that the integrals extend from the centre, out to the 
boundary of the model which occurs at r =  1 in dimensionless units.
Because the models are equatorially and axially symmetric, it is sufficient to 
calculate the potential in one quadrant of the meridional plane. The first step in 
the solution of equation (2.35), for the potential, is the evaluation of the density 
coefficients pn(r) defined by equation (2.30). These, like all other quantities, 
are calculated on a polar grid. Because the systems being studied are quite 
centrally condensed, the rings of the grid are spaced logarithmically in radius. 
The integral in equation (2.30) is evaluated using a Gaussian quadrature (see 
van Albada and van Gorkom, 1977, hereafter referred to els AG, also Jarvis, 
1981):
1 ™
Pn{r) =  ~ [ 2 n - \ - l ) J 2 wkP{r,9k)Pn{cosdk) (2.37)
z  jfc=i
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where, wk are the Gaussian weights and N  the order of the quadrature. The 
angles 9k correspond to the abscissa values for the Gauss-Legendre integration. 
The rays of the polar grid were chosen to equal these angles. Typically 24 rays 
were found to sample the density distribution well. In addition, the use of 30 
term s in the density expansion of equation (2.30) was found to  represent the 
density well even in the most flattened bulges.
The second step in the solution for the potential is the evaluation of the 
integral term s in equation (2.35);
l
Fn(r) — r" Jr ,(1~n)/>„(r') dr'(2.38)
r
r
G„(r) =  ^  f r ' W p n(r')dr' (2.39)
0
These term s are calculated using the recurrence relations developed by AG, 
together w ith the boundary conditions;
^n(l) =  Gn(0) =  o (2.40)
The relations are:
K ( n - 1) =  ( f f i " [ ( 1 +  r^ l/r< )"fr? -  r ‘- i ) /2 p n ( r ,- , / ,)  +  K (r ,) l  (2.41)
G „(ri+i) =  ( ^ ) " +Il ( ^ y ~ ) I+n(r-2+i -  r})/2pn(ri+1/i) + G„(r,)] (2.42)
Note th a t these relations require the density coefficients, pr»(r), to be evaluated 
a t the radial mid-points of the grid.
To summarize, the calculation of the potential due to a given density distri­
bution consists of five basic steps.
(1) The radial m id-point densities p(r,-+1/2,0) are found by interpolation.
(2) These are then substitu ted  into equation (2.37) to  produce the Legendre 
density coefficients.
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(3) The coefficients are substitu ted  into the recurrence relations (2.41) and 
(2.42), and the functions Fn(r) and Gn(r) are calculated.
(4) These functions are used to  calculate the scaling param eter A via equa­
tion (2.36).
(5) Finally, A together w ith the term s, Fn(r) and G n(r) are substitu ted  into 
equation (2.35) to give the potential 3>(r,0).
The above procedure corresponds to  step 2 in the outline of the modelling 
technique given in section 2.2. Once the potential has been calculated the 
density is found via equation (2.17). This is step 3 of the outline.
The Legendre polynomial expansion for the solution of Poisson’s equation 
is suitable in the case of spheroidal systems such as galactic bulges. However, 
it is not so suitable for extremely flat system s, such as galactic disks, for which 
a very large num ber of term s would be needed in the expansions (2.28) and 
(2.29).
2 .9  N u m er ica l C hecks.
To ensure their internal consistency, the hydrodynam ic equations were 
checked throughout the models. These equations reduce to  a relatively sim­
ple form because of the following model properties:
(vr) = (ve) = 0
and
t f )  = < » ? >
W ith these conditions the radial com ponent of the equations is (Ogorodnikov 
1965)
2 , dp(ur2) p(v2) _  P ( v p . _
p dr r r dr
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Once again all of the quantities are in dimensionless units.
The tangential component can be w ritten;
2 tan  0 dp(u?) p(v2r) p(v\)
do + ) =
tan  6 d $  
r ~dd
(2.44)
These equations where checked along the m ajor and minor axes, together 
w ith an interm ediate ray. The equations were satisfied to  w ithin one percent.
2 .10 P ro je c t io n .
One significant advantage of the d istribution function approach to  mod­
elling stellar systems is the ability to  produce directly observable quantities. 
Expressions for these quantities are now given.
Let x, y, z represent a right handed coordinate system  centred on the  galaxy. 
If x is the direction parallel to  the line of sight, and the x, y plane corresponds to 
the equatorial plane of the galaxy, ie. the galaxy is edge-on; then the relations 
for the projected density, velocity and velocity dispersion are (Wilson, 1975):
where,
(vx) =  M  sin<£
and,
=  (1 — sin2 +  sin2 4>{v\)
To check the projection procedure, the projected density and dispersion 
profiles were calculated for King models and compared w ith those derived from
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algorithms published by King (1966). The agreement was excellent. Also, the 
projected velocity profiles were calculated for various Jacobi models, ie. models 
w ith = 0 in equation (2.8). Due to their solid body rotation , these models are 
known to have projected velocity profiles equal to their mean ro tation  velocity 
profiles in the meridional plane, ie:
V  = (vf) = n  R  (2.45)
The calculated projected velocity profiles were in excellent agreement with 
those predicted from equation (2.45).
2.11  T he D isk  P o ten tia l.
Two of the box-shaped bulges studied lie in late-type spiral galaxies with 
large disk components. To make the bulge models more realistic it was decided 
to include an imposed disk potential. The standard  model for the density 
d istribution in galactic disks is th a t due to van der K ruit and Searle (1982)
p (R ,z )  = po exp ( - R / R o ) s e e k 2(z / zq) (2-46)
where,
Rq = the radial scale length
zo = the vertical scale height
U nfortunately the potential due to  this density d istribution has no simple 
analytic form.
To circumvent this difficulty, a disk w ith an exponential radial profile was 
constructed from a superposition of nine generalized Kuzmin (1956) density 
distributions (M iyamoto and Nagai, 1975, hereafter referred to  as MN). These 
systems have the advantage of a known, simple potential,
- G M
[R2 +  (a +  (z2 + 62)1/2)2)! /2
(2.47)
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The corresponding density is,
b2M a R 2 + (o +  3(z2 +  62)1/2)(a + (z2 + 62)1/2)2 
^  4tT (ß 2 + (a + (z2 +f>2)‘/2)2)5/2(z2 + 62)3/2 (2.48)
where,
M  = the total mass of the disk 
a =  the radial scale length 
6 =  the vertical scale height
Any linear combination of densities will lead to a similar combination for 
the resultant potentials ie:
V 23> — V 2(a i$ i ”t" d" * • • +  — 4nG(aipi  +  Ü2 P2 +  • • • +  0 9 P9 ) (2.49)
This technique was used by MN to construct a mass model for the Milky 
Way disk with the observed galactic rotation curve.
For the disks used in the present study, the z scale heights, radial scale 
lengths and relative masses were adjusted using a two stage process to give a 
density distribution which is exponential in both R  and z. Firstly, three disks 
with identical radial scale lengths, but different z scale heights, were weighted 
and added to form an intermediate disk which is exponential in 2  but not 
R. Then, three intermediate disks, with differing radial scale lengths, were 
weigthed and summed to form the final disk which is exponential in R and 2  
out to at least 4 scale lengths. The resultant combination was scaled so as the 
central dimensionless potential equaled a specified value $Qtsk. The dimensional 
potential for the disk combination is
foDiak _  ________________ GMjj ,______________
+ (“i* + W + b%Y/2)2) 1/2
(2.50)
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where once again an asterisk denotes a dimensional quantity. Using the trans­
formations outlined in section 2.7, the dimensionless quantities are
M -ij ( Po /  Po * 4
R  — R * /R t 
z  =  z+/Rt
flj 4 1 R t
bj bj 4  j  Rf
After substitu tion of these quantities into equation (2.50), the dimensionless 
potential of the disk com bination becomes
3 3 i^j{P0*Rt I Po)f t D i s k  _  —ß & D i s k  _  o n  V  V"__
* f ? l h ( R2 +  (ai +  (z2 +  b2j ) 112) 2 ) 1 / 2
Using the expression (2.25) for the scaling param eter A, this becomes;
3 3
$ Disk
j=lt= i (JR2 + (at + (2 2 + 6J2)1/2)2)l/2
(2.51)
As previously m entioned, the dimensionless masses are chosen so th a t the cen­
tra l dimensionless potential of the disk com bination equals a specified value 
ie:
Mij = (2.52)
where
3 3 - l
n  y £ § f a + w )
and ^  are the constants specifying the relative disk masses. Finally, the 
dimensionless disk potential is
3
$ D” *(.R,z) =  N<S>Sisk VH (2.53)
, %  (R* +  (a.- +  (** +  by)1/2)2) 1/2 
The corresponding dimensionless density is;
N $Di,k ^  ^  / a .R 2 + (a . +  3 (22 +  6J2) '/2)(ai +  (z2 +  bp1/2)
pu " k(R ,z )  =
X
»2 ( UiTL ^  ta* ^  1" uj) ' Au* 1" 1* 1" uj) ■ ) \
^  (Ä2 +  (ai +  (22 +  62)1/2)2)5/2(22 + 6 2)3/2 j
i , j = 1
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The param eters i/,j, a,- and bj are selected so as to produce an exponential
disk out to a dimensionless radius of 1. The values are;
/  1.00
= - .7 0
V 0.26
-.2 2 0  .050 \
- .1 5 4  - .3 5  
- .0 5 7  .013 j
a i =
f  0.30 A 
0.89
V 1-48 )
(  0.024 \  
0.072 
0.120 ;
The resu ltan t disk has a dimensionless, exponential scale length of Rq = 0.20
and a scale height of z0 = 0.015. The density profile is illustrated in Figure 
2.3a by the solid line. In contrast, a single disk of the form (2.48) has a radial 
profile similar to a King model and is represented by the dotted  line in Figure 
2.3a. The z density profile of the disk com bination is shown in Figure 2.3b. It 
also is exponential out to  4 scale heights.
The to tal dimensionless mass of the disk is, from equation (2.52);
A  j = i * = i
The to tal dimensionless mass of the bulge is
=  4t  J  rn p0(r') dr'
=  47rGo(l)
from equation (2.39). Therefore the bulge to  disk ratio  for any particular model
f y f ß u l g c AGofl)
M Disk $ 0N  E  "a
(2.54)
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The central dimensionless disk potential is chosen before the model is con­
structed. The bulge to disk mass can only be calculated after the model has 
converged. Similarly the bulge to disk density at any point in the model is
-B ulge  (  ATfoDisk  3
W  = A(*) vPl 
where;
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• j = l
fli-R2 + (a.- + 3(z2 + 6J2)1/2)(ai + (22 + b ^ ) '  
(fi2 + (Oi + (z2 + 62)l/2)2)5/2(22 + 61)*/» ■)
A('I') =  er/(v/¥) -  -  j(2 ^ )3/2)
Poisson’s equation for the bulge plus disk system is
V2($ BuZfle -1- $ D‘sfc) =  A(pBxdge + pDiak)
V 2 $ Bu^e _|_ _  XpB^lge  _j_ \ p D i * k
Therefore,
V 2$ ß u ^ c =  A/>ßuWi2, ( $ Buifle +
Note that the total potential must be used in the density calculation, equation 
(2.17). As a consequence, the density will only fall to zero at the point where 
the total effective potential is zero. Therefore the boundary condition (2.34) 
differs for models in an imposed disk potential. In these cases, equation (2.34) 
becomes
i n 2
(2.55)<S>Bu,ii'(1,%/2) + $ d ,“ (1, jt/ 2) = - i - r
The equation for A therefore is;
if!2 r w
A = (*0 + * “ **(l,,/2) +  i - r ) ( -  f  (rV r' +  E
oc J __ „
n ., }.... ^  pn(0) 1
„=o2« + l
/  r'<"+2Vn(r') dr’) ' 1 
(2.56)
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2.12 Sum m ary.
D istributions f { r , v )  which are only functions of the two classical integrals 
of m otion E  and hz, model larger spheroidal bulges well. As a consequence of 
this success, it is natural to  enquire w hether a similar approach can be used to 
model box-shape bulges. Toomre (1981) has already shown th a t quite unusually 
shaped systems can be produced by such models.
The cylindrical ro tation of the box-shaped bulges strongly suggests th a t all 
of the contours of the distribution function f ( E , h z), including the truncation 
contour, have the same functional form (see section 2.4) ie:
f ( E , h z) =  { £ (Q )’
where Q is a function of E  and hz only.
if Q < 0; 
if Q > 0.
( 2 .8)
The flatness of the box-shaped bulges suggests th a t the contours of f ( E , h z) 
are a t least quadratic in hz (see section 2.4). This gives rise to systems which 
occupy only the region of the Lindblad diagram  near the circular velocity line, 
and have large am ounts of rotation. Also, from violent relaxation argum ents, 
one m ight expect the distribution to have the following form:
where
f ( E , h z) e ßx, if X <  0;
0, if x >  0.
X =  E  -  M i z +
hz
2r$
Models w ith this distribution function have the following ro tation  law:
M  (1 +
and velocity dispersion anisotropy,
4  =  (1 +  R2/rl)
° 4'
(2.13)
(2.19)
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The models axe constructed using basically the same technique els PT. An 
imposed disk potential is included in some of the models to  make them  more 
realistic. The disk used has a radial profile which is exponential out to five scale 
lengths.The inclusion of the disk potential makes the models slightly flatter, 
bu t does not alter their dynamics significantly. This agrees w ith the results 
of Barnes and W hite (1984) which dem onstrate th a t the disk potential alone 
cannot account for the box-shaped bulge phenomena.
As examples of the bulge models, three models are shown in Figures 2.4, 2.5 
and 2.6. The figures show, respectively, the density in the meridional plane, the 
projected density and the m ean ro tation  and circular velocity in the meridional 
plane along the m ajor axis. The models do not include a disk potential and so 
are characterized by three param eters,
— the dimensionless central potential
0  =  the dimensionless angular velocity param eter.
ro =  the relaxation radius.
The three models have the same 4>0, but different second and th ird  param ­
eters. The actual values of the param eters are:
Model A Model B Model C
=  4.0 4>0 =  4.0 $ 0 =  4.0
n = o.5 n = 5.o n = 12.0
r 0 =  00 ro =  0.45 r 0 — 0.29
The models have progressively more ro tation  and flattening. All of the 
systems are ro tating cylindrically. The final model, C, appears peanut-shaped 
even in projection. To compare these models w ith observations of extragalactic 
bulges, two types of da ta  are needed.
(1) Extensive surface photom etry.
(2) Radial velocity and velocity dispersion da ta  covering as much of the 
system  as possible.
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The next chapter is a discussion of the acquisition and reduction of this data
for the four program galaxies.
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F ig u re  2 .1 -  A Linblad diagram  for a typical model. The region of the E -h z 
plane occupied by the model lies between the two curves m arked E circ and E truc.
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- 0.8 - 0.6 - 0.4 - 0.2
Z — Angular Momentum
F ig u re  2 .2 a -  The distribution function in the case of cylindrical truncation.
F ig u re  2 .2 b -  The distribution function in the case of spherical truncation.
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F ig u re  2 .3 a -  The radial dependence of the density for the disk combination 
used in this study (solid line), and for a single M iyamoto and Nagai disk (dotted 
line).
F ig u re  2 .3 b -  The z dependence of the density for the disk combination used 
in this study (solid line), and for a single M iyamoto and Nagai disk (dotted line).
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F ig u re  2 .4 a -  The meridional density for model A . The contour levels
at 0.5 m agnitude intervals.
F ig u re  2 .4 b -  As above for Model B.
F ig u re  2 .4 c - As above for Model C.

F ig u re  2 .5 a -  The projected density for Model A. The contour levels are at
0.5 m agnitude intervals.
F ig u re  2 .5 b -  As above for Model B.
F ig u re  2 .5 c - As above for Model C.
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Figure  2 .6a- The mean rotation along the major axis in the meridional 
plane (solid line), and the circular velocity curve (dashed line), for model A.
F igure  2.6b- As above for Model B.
F igure  2.6c- As above for Model C.
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C H A PT E R  THREE
D ata  A cquisition and R eduction
3.1  K in em a tic  D a ta : A cq u is itio n .
All of the radial velocity and velocity dispersion measurem ents presented in 
this study were obtained on the 4.0 m etre Anglo-Australian Telescope (AAT) 
using the Royal Greenwich Observatory spectrograph and the Image Photon 
Counting System (IPCS, see Boksenberg, 1978). The IPCS consists of an in­
tensified Plum bicon television camera. The 4-stage EM I image intensifier tube  
has sufficient gain to enable true  photon counting, w ith an overall efficiency 
equal to  the quantum  efficiency of the initial S20 photocathode.
The grating and cam era com bination gave a dispersion of 33Ä /m m  over 
the 4500-5500Ä wavelength range. A 1.7 arcsec slit was used to  m atch the 
detector resolution (A AO a). This resulted in a wavelength resolution of 1.4Ä, 
(determ ined from FW HM  of the arc lines) i.e. 66 km /sec. Each exposure, 
or frame, of the IPCS consisted of 100 spectra (rows) of 2000 pixels, a t equal 
spatial increments of 2.3 arcsecs. The 4.3 arcm inute spatial coverage of each 
frame enabled the sim ultaneous m easurem ent of sky and galaxy spectrum  which 
improved both  the observing efficency and sky subtraction. The seeing ranged 
from 1-3 arcsecs over the 3 |  observing nights.
Each of the program  galaxies was observed a t a num ber of slit positions. 
The observations consisted of a series of 1000 second galaxy exposures, in ter­
laced w ith 60-100 second comparison arc exposures. Stellar spectra  of suitable 
velocity tem plate stars were taken at the beginning of each night. Table 3.1 
lists the kinematic observations. The second column indicates the axis of the 
galaxy th a t was parallel to the slit; the th ird  column gives the offset from  this
41
axis and the fourth indicates the the direction of the offset w ith respect to the 
galaxy nucleus. The fifth column contains the position angle of the slit and the 
sixth gives the to ta l exposure tim e in seconds.
Flatfield exposures were obtained from a tungsten lamp in the spectrograph 
and used to  eliminate the pixel-to-pixel gain variations in the IPCS. Twilight 
sky exposures were taken to  enable the modelling of the vignetting profile of 
the telescope-detector system.
3.2 Kinematic Data: Reduction.
The first step in the reduction procedure was to  construct a flatfield. The 
tungsten  lamp exposure was divided by a sm oothed version of itself to  produce a 
m ap of the pixel-to-pixel gain variations of the IPCS detector. These variations 
were on the order of 3-4%. All of the observations were then divided by this 
map.
The central rows (or spectra) of each of the comparison arc exposures were 
cross-correlated against each other to check for any substantial shifts in the 
wavelength scale. The arcs before and after any particu lar observation agreed 
to  one th ird  of a pixel, i.e. 0.2Ä, and were added together to form the calibration 
arc for the observation. The arc lines appeared curved due to the distortion 
introduced by the image tube of the IPCS. The distortion in the spatial direction 
(S-distortion) was corrected at the telescope. The distortion in the wavelength 
direction was corrected by wavelength calibrating each individual row of the 
exposure.
A fifth order polynomial derived from ~  20 arc lines was used to calibrate 
(or scrunch) the wavelength scale. These were scrunched onto a loglam bda 
scale, where each pixel now corresponds to a velocity increm ent of 24.8 km /sec. 
The arc exposures were also scrunched and inspected for any residual curvature;
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none was seen. Also the central rows of each of the scrunched arcs were cross-
correlated against each other to check for any zero point errors in the wavelength 
scale. All of the arcs agreed to 0.15Ä, which was w ithin the 0.18Ä errors of the 
wavelength calibration. As an external check on the scrunching procedure, the 
5577Ä night sky line was checked and found to be within 0.15Ä of its nominal 
value.
The vignetting of the telescope was corrected by dividing each of the ob­
servations by a profile constructed from the flatfielded twilight sky exposure. 
About 5 sky rows on either side of the galaxy were then  averaged and subtracted  
from the galaxy spectra. The sky subtraction was checked by examining the 
residual of the 5577A  sky line. Less than  9% of its original area rem ained. This 
residual was removed by means of a linear interpolation. Finally, after checking 
the spatial alignm ent of each frame, all of the exposures corresponding to a 
particular slit position were added together.
The velocities and velocity dispersions were calculated using the Fourier 
Q uotient m ethod (Sargent, Schechter, Boksenberg and Shortridge 1977, here­
after referred to  as SSBS). As a comparison, the ro tation  velocities were also 
calculated using the cross-correlation m ethod of Tonry and Davis (1979, here­
after referred to as CCF). The com puter program s which enabled this analysis 
were kindly provided by D. C arter. Efstathiou, Ellis and C arter (1980) have 
m ade a detailed comparison of velocities and velocity dispersions obtained from 
these two techniques. Figure 3.1 illustrates the general agreem ent between ve­
locities found from each m ethod. This is a plot of the m ajor axis ro ta tion  
curve for NGC 6771 and will be discussed later. As can be seen, the agreem ent 
between the two m ethods is excellent.
The tem plate stars used in the velocity determ inations were selected from 
the M ichigan catalogue and were either late G or early K giants. The resultant
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velocities did not depend significantly on the tem plate s tar used as long as the 
s ta r had a spectrum  similar to th a t of the galaxy. The observed wavelength 
region was centered on the Mgb triplet which dom inates the spectrum .
3 .3  P h o to g ra p h ic  P h o to m etry : A cq u is itio n .
The surface photom etry for the two spiral galaxies NGC 5746 and NGC 3390 
was obtained using hypered IlaO  and IlaD plates taken on the 1.0 m etre tele­
scope at Siding Spring observatory. The telescope has a plate scale of 25 arc- 
secs/m m  and an unvignetted field of 45 arc m inutes. The plates were baked for 
2-4 hours and soaked in hydrogen for 2-8 hours.
The baking and hypering times varied trem endously from one plate  batch  to 
another. In each case they were determ ined by trial and error using the  facilities 
at the Anglo-Australian Observatory (AAO) kindly made available by David 
Malin. The testing procedure involved the hypering of a num ber of small (5cm) 
plate squares, cut from a single plate, for various baking and hydrogen soaking 
tim es. The test squares were then  exposed on an AAO spot sensitom eter of the 
same design as the one at K itt Peak Observatory. The fastest recipe, which had 
a chemical fog level below 0.3 photographic density units, was then  determ ined 
by use of a densitom eter. A further iteration of the above procedure was usually 
required to ascertain the best plate recipe. All of the hydrogen soaking was done 
at the  U. K. Schmidt Telescope U nit’s hypering facilities a t Siding Spring.
The galaxy exposure times ranged from 3 to  4 |  hours and sim ultaneous 
exposures were taken on the spot sensitom eter at the 1.0 m etre using photo­
graphic plates from the same batch. N itrogen was continually flushed over the 
galaxy and spot plates during the exposures so as to prevent reciprocity failure. 
The spot sensitom eter, which was designed by G. de Vaucoleurs, produces 15 
calibration spots th a t cover a range in densities of 3.85 m agnitudes. A t the 
beginning of each observing run  test exposures were made to determ ine the  ex-
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posures times for the spot calibration plates. Neutral density filters were used 
to ensure that at least two calibration spots were below the expected sky den­
sity (0.7 for a three hour exposure) and the galaxy and spot plates had identical 
exposure times. The emulsion-filter combinations used for the observations were
B = IlaO  + S C H O T T  GG385
and
V = I la D  +  S C H O T T  GG495.
The galaxy and calibration plates were processed together at the end of each 
night.
3 .4  P h o to g ra p h ic  P h o to m etry : R ed u ctio n .
All of the plates taken on the 1.0 metre telescope were scanned, in the density 
mode, on the Mount Stromlo, Perkin Elmer PDS microdensitometer. A 25 
micron aperture and step size were used which resulted in each scan containing 
0.64 axcsec pixels. The use of a relatively slow scan speed, 4 mm/sec, ensured 
that the density profiles of the objects were not distorted by the time constant 
in the logarithmic amplifier of the PDS. The plates were aligned so that the 
scan was parallel to the major axis of the galaxy. The length of the scan in 
this direction was 3.0 times the D25 diameter of the galaxy as quoted in the 
Second Reference Catalog of Bright Galaxies (de Vaucouleurs, de Vaucoleurs 
and Corwin, 1976 hereon referred to as RC2). Because both of the galaxies are 
edge-on systems, the scan axis perpendicular to the major axis was only one 
half of this. The overall area of sky scanned was more than six times that of 
the galaxy.
Before each galaxy was measured, the calibration spots together with ad­
jacent fog patches were scanned using the same PDS setup. The value of the
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chemical fog was obtained from the m easurem ent of the four corners of the 
galaxy plate. The calibration spots were rescanned after the galaxy image to 
check for any drifts in the photom ultiplier of the PDS. The spots before and 
after each galaxy scan differed by less than  0.008 density units. The stability  
of the PDS over the 3 -3 | hour scan period may have been due, in p a rt, to  the 
long warm -up time, ~1  hour, allowed after the photom ultiplier voltages were 
set.
The first step in the reduction of the PDS scans was the sky fitting procedure. 
A low resolution image was constructed from the galaxy frame by sampling 
every 20th pixel of the la tte r. The actual sky m apping was perform ed on the low 
resolution scan using the numerical m apping algorithm  of Jones et al. (1967). 
A low order polynomial was fitted over the area which excluded the galaxy 
image using a ßo  rejection procedure to  elim inate the field stars. The value of 
ß  was lowered w ith each iteration from an inital value of 5 to 2.5, a t which the 
d istribution of residuals showed negligible skewness.
The sky fitting procedure was checked by inspecting the dependence of the 
m odal value in rectangular regions next to  the galaxy, w ith distance along 
both  axes of the image. Figure 3.2 shows th a t there is a large sca tte r in the 
value of the modes bu t no significant trend . Six coefficients, corresponding to 
a paraboloid, were required to fit the sky adequately.
The density-to-intensity calibration was carried out in the logl versus logo; 
plane where
LJ =  10SD -  1 ,
and 6D  is the density above fog. The characteristic curve for IlaO  and IlaD 
plates is almost linear in this plane and the calibration can be done using a low 
order polynomial (de Vaucouleurs, 1968). A simple linear fit was used for all the
46
plates. Figure 3.3 is an example one of the calibrations. Although there appears 
to be a slight th ird  order curvature in the calibration points it was found tha t 
a linear fit gave a b e tte r zero point calibration. This will be discussed later.
The polynomial fit to  the sky background, in conjunction w ith the density 
to intensity calibration curve, enabled the conversion of the galaxy image to 
relative intensity units;
j    ^Galaxy-\- Sk y  1 Sk y
The zero points for all of the photographic photom etry were obtained from 
photoelectric aperture photom etry. The main sources of this photom etry were 
the UBV catalog of de Vaucoleurs and de Vaucoleurs (1988) and B uta  (pri­
vate communication). The aperture photom etry used is listed in Table 3.2. 
Each of the apertures were sim ulated on the galaxy images and the integrated 
photographic fluxes, /(A ) , w ithin the apertures was calculated. This is then 
related to the sky brightness (in m ag/square arcsec), m Skv, and the photelectric 
m agnitude, m ( A ) for a particular aperture A  by the relation
msky =  m{A)  +  2.5 log f {A) .
For each aperture a value of the sky brightness was determ ined. The value 
should be independent of the aperture size. Figure 3.4 is a plot of the sky 
brightness as a function of aperture for a typical plate. The plot is very sensi­
tive to errors in both  the sky subtraction procedure and the density to  intensity 
conversion. The former of these processes can be independently checked using 
the m odal analysis described earlier. The consistancy of the sky brightness 
w ith aperture is the only test of the density to intensity calibration. The most 
consistent values for the sky brightness were obtained using a linear character­
istic curve. A th ird  order fit resulted in a slope of 0.2 m agnitudes across this
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plot. An additional check was made on the sky subtraction procedure, using 
the m arginal d istribution analysis of Jones et al (1967). This again indicated 
th a t there was no system atic error in the sky fitting procedure. B uta  (private 
communication) has also noted a similar effect in the characteristic curve for 
IlaD and IlaO  plates obtained by him on the 1.0 m etre telescope.
The photographic passbands m atch those of the Johnson photoelectric sys­
tem  B and V quite well. However, there are still small colour dependences 
between the two systems, especially in V. The transform ation equations are
Vpg = Vpe + av( B - V ) pe
and
Bpg =  B pe +  — V) pe.
The values of the constants used in this study were (Buta, 1984)
av = —0.11 
<4 =  0.03.
The photographic m agnitudes 5 ' ,  V  and colour (B  — V)'  where obtained 
by assuming a constant zero point derived from apertu re  photom etry. The true 
m agnitudes and colour are given by (See Appendix C);
B  — V  = 0 .123(5 -  V)  +  0 .877(5 -  V)'
and
V = —0.097(5 -  V ) +  V'  +  0 .097(5 -  7 ) ',
where (B — V)  is the average colour of the galaxy which was assumed to be 1.0. 
Finally, the transform ation equations used are
B  -  V  =  0.123 +  .877(5 -  V ) 1
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and
V = -0 .097  + V  + 0.097(B -  V)'.
3.5 C C D  P h o to m etry : A cq u is itio n .
Due to their small apparent size the two SO galaxies, NGC 6771 and IC 4767, 
could be measured in the B,V,R and I passbands using the RGO CCD on the 
A nglo-Australian Telescope (AAT). The CCD consists of a RCA thinned, back 
illum inated chip w ith 512 x 320 pixels each 30 microns square. The CCD is used 
at the prim e focus of the AAT and has a field of view is 4.2 x 2.6 arc m inutes.
Flatfield exposures were opbtained, through each filter from an illuminated 
patch  on the inside of the  dome before the observing run. These were later 
used to  elim inate the gain variations across the chip. Because of the thinness 
of the RCA chip, fringe patterns occur across the whole CCD. These patterns 
result from internal reflections w ithin the CCD chip of the m onochrom atic light 
from  night skylines. Four colour exposures of dark nebulae were taken to  enable 
subtraction  of the fringe patterns.
Table 3.3 lists the exposures taken of the two program  galaxies NGC 6771 
and IC 4767.
3 .6  C C D  P h o to m etry : R ed u ctio n .
The first step in the reduction procedure was to divide each frame by a 
norm alized flatfield in the same passband. The fringing was worst in the I 
band, am ounting to  less than  2% of the sky level. It was negligible in the B 
passband. The fringe frames were zero m eaned and sub tracted  from the  galaxy 
images after m ultiplication by a constant. The constant was adjusted until all 
of the fringing disappeared. The value of the constant was not simply the ratio 
of the exposure times of the galaxy and fringe frames, presum ably because of 
variablity in the observed streng th  of the night skylines. The galaxy images were
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inspected on the Sigma ARGS display system  at M ount Stromlo w ith upper and 
lower intensity levels set near the sky value. This enabled easy identification of 
any residual fringing down to the level of 1% of th a t of the sky.
The gradient in the sky background was determ ined using the same modal 
analysis as in the reduction of the photographic surface photom etry (see section 
3.4). In practice, the sky background varied by only 1-2% across the image and 
a simple plane was used to  fit it. The sky background fit was then  subtracted  
from the image. The resu ltan t image was then divided by the  sky background, 
as for the photographic images. The galaxy frame zero points were then  found 
using aperture photom etry. It was necessary to adopt this m ethod of reduction 
because the night was not perfectly photom etric during the observations. Figure 
3.5 gives a plot of the sky m agnitudes versus aperture diam eters for NGC 6771.
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T a b le  3 .1 Kinem atic Observations
Object Axis Offset Direction P.A. of slit Exposure
NGC 3390 M ajor 5 East 178 2800
NGC 3390 Minor 0 88 6000
NGC 3390 Minor 6 N orth 88 6000
NGC 3390 Minor 12 North 88 8000
NGC 5746 M ajor 0 169 4000
NGC 5746 M ajor 10 Southwest 169 7000
NGC 5746 Minor 15 Southeast 79 7000
NGC 6771 M ajor 0 118 4700
NGC 6771 M inor 0 28 1000
NGC 6771 Minor 10 Northwest 28 8000
NGC 6771 Minor 15 Northwest 28 11000
IC 4767 Major 0 31 3500
IC 4767 M inor 10 N ortheast 121 4000
NGC 4469 Minor 0 178 1000
NGC 4469 Minor 12 East 178 4000
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T ab le  3.2 A perture Photom etry
Object A pert. Dia. V B-V V-R R-I Source
NGC 3390 20.8 13.41 1.07 UBV cat.
37.0 13.00 1.05 UBV cat.
41.5 12.83 1.05 UBV cat.
55.4 12.67 1.06 B uta
79.3 12.46 1.01 B uta
79.3 12.42 1.00 B uta
111.3 12.30 0.96 B uta
111.3 12.27 0.99 B uta
156.5 12.09 0.94 B uta
156.5 12.20 1.00 B uta
NGC 5746 38.7 12.07 1.12 UBV cat.
42.5 11.86 1.06 UBV cat.
106.7 11.29 1.08 UBV cat.
287.2 10.61 1.03 UBV cat.
522.3 10.52 0.91 UBV cat.
39.2 12.04 1.11 B uta
79.3 11.40 1.06 B uta
156.5 10.98 1.02 B uta
NGC 6771 16.5 13.57 1.10 UBV cat.
35.3 13.04 1.08 UBV cat.
52.3 12.85 1.05 UBV cat.
54.7 12.76 UBV cat.
39.2 12.98 1.07 0.63 0.67 B uta
39.2 12.94 1.08 B uta
55.4 12.76 1.08 B uta
55.4 12.75 1.06 0.61 0.66 B uta
79.3 12.63 1.03 0.61 0.58 B uta
IC 4767 15.4 14.54 1.07
23.7 14.35 1.07
23.3 14.31 1.04 UBV cat.
33.0 14.11 UBV cat.
47.0 13.88 UBV cat.
111.3 13.57 0.89 B uta
111.3 13.50 0.97 0.55 0.79 B uta.
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T ab le  3.3 CCD Observations
Object Filter Exposure
NGC 6771 B 300
NGC 6771 V 300
NGC 6771 R 200
NGC 6771 I 200
IC 4767 B 180
IC 4767 V 180
IC 4767 R 120
IC 4767 I 120
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F ig u re  3 .1 -  M ajor axis ro tation  curve of NGC 6771. The velocities are 
relative to  the 4225 ±  25 km /sec recession velocity of the galaxy. The crosses 
are the velocities from the fourier quotient program  (SSBS) and the triangles 
are from the cross-correlation routine.
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F ig u re  3 .2 -  Plot of the sky background across an image. The intensity 
values have been normalized to the sky value. The plot was produced using a 
m odal program  described in the tex t.
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F ig u re  3 .3 -  Characteristic curve for a IlaD plate of NGC 3390.
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F ig u re  3 .4 -  Zero point calibration for the three hour IlaD plate of NGC
3390.
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F ig u re  3 .5 -  Zero point calibration for the V CCD image of NGC 6771.
58
Sk
y 
B
rig
ht
ne
ss
 
(m
ag
/s
q 
se
c
LogA
C H A PT E R  FO U R
N G C  3390
4 .1  In tro d u ctio n .
To test the dynamical models described in Chapter 2, both surface pho­
tometry and kinematical data are required for as much of the bulge system 
as possible. Because the kinematical data is derived from stellar absorption 
lines, velocity information is difficult to obtain at very faint light levels. This 
necessitates the study of relatively bright systems. However, most box-shaped 
bulges occur in low luminosity, late-type spiral galaxies (Jarvis, 1986). Thus a 
compromise must be reached if one is to study examples of the most numerous 
type of box-bulge system.
NGC 3390 is one of the brightest box-shaped systems, and is illustrated in 
Figure 4.1. As well as being significantly bright (Bt =  13.4, RC2) to enable 
radial velocity measurements out to significant distances from the centre of its 
bulge, it is also seen almost exactly edge-on. This minimizes the contamination 
of the bulge by the disk, and provides a known orientation for the projection of 
the model quantities. The galaxy is also isolated.
Although the the bulge appears quite flattened, its axial ratio is only around 
1.5. This, together with the relatively small bulge-to-disk ratio, distinguishes 
NGC 3390 from the two SO galaxies, NGC 6771 and IC 4767.
4 .2  F itt in g  P ro ced u re .
For the bulge models to be compared to the surface photometry of NGC 
3390, the disk density distributions must also be constructed. Chapter 2 de­
scribed the general disk distribution used in this study. Each galaxy model 
requires a particular scaled version of this disk which reproduces realistically
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the density, and therefore potential, of the disk in the real galaxy. From the 
surface photom etry, the estim ated radial scale length, Rq, and vertical scale 
height, zo, were
R q = 36 arcsecs
Zq = 3.6 arcsecs.
The equatorial radius of the bulge was estim ated from the m ajor axis profile 
to be between 50 and 110 arcseconds. The value which produced the models 
which best fit the surface photom etry and kinematics, was found to be
R t = 60 arcsecs.
Once R t is chosen, the disk scale lengths a, and bj (see equation 2.53) can be 
m ultiplied by the appropiate factors to  give the correct dimensionless Ro and 
zq for the disk;
W ith the length scales now set, the two bulge param eters H and r0 can be
estim ated from the observed and model central velocity dispersion. The model 
central dispersion differs little from a value of 0.7 for models w ith a dimen­
sionless central potential greater than  5.0. As the central po tential increases,
The value of the central dispersion for NGC 3390 was found from the minor 
axis kinem atic observation, shown in Figure 4.8b, and is estim ated to  be 135 
km /sec. The value of the velocity scale factor is
R q — R+q/ R t — 0.60
Zq =  Z * o / R t  = 0.06.
was
this value asym ptotically approaches 1 / \/2 , the value for the isotherm al sphere.
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since the projected model dispersion is v = 0.6. Now, assuming th a t projection 
effects are not going to  alter the position of the peak of the mean ro tation  curve 
close to the m ajor axis, r0 can be estim ated from the ro tation curve shown in 
Figure 4.9a. The value finally adopted for r0 was
r0 =  r ,0/ R t = 15/60 =  0.25
A prem ininary estim ate of H was made from the slope of the observed projected 
ro tation  curve at the origin, (see Figure 4.9a); however a value of 10.0 gave a 
b e tte r fit to  the kinematic data. The final two param eters to be determ ined are 
the values of the dimensionless central potentials of the disk and bulge. From 
the minor axis profile, Figure 4.7a, one can see th a t the minor axis profile is 
approxim ately expontential to quite low light levels, (m v = 24.0 m ag /sec 2). 
The to ta l central potential (ie. Bulge+Disk) which gave the correct central 
concentration and fit to the minor axis was 4.0. The values of the central bulge 
and disk potentials which gave the correct bulge to disk density contributions 
(judged from the surface photom etry) were,
^ B v l g '  =  1>()
=  3.0
4 .3  M o d e l P ro p erties  an d  C om parison  w ith  D a ta .
The param eters of the model fitted to NGC 3390 are listed in Table 4.1. 
Figure 4.2a is a plot of the density distribution in the meridional plane of the 
bulge alone and Figure 4.2b is a plot of its projected density. Note th a t the 
axial ratio  of the system  is not great and the peanut-like isophotes seen in 
the meridional plane are somewhat ‘washed o u t’ in the projection. Also, the 
isophotes look slightly cusped on the m ajor axis due to  the effect of the disk 
potential. The Lindblad diagram  (see C hapter 2) for this model is shown in
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Figure 4.3a. The allowed orbits lie between the truncation  contour E trunc and 
the circular velocity contour E ci r c . Figure 4.3b is a plot of the m ean rotation 
curve and circular velocity in the meridonal plane of the bulge, along the major 
axis. The B and V images of NGC 3390, obtained from plates taken on the 
Siding Spring 1.0 m etre telescope, are presented in Figures 4.4 and 4.5. The 
dust lane through the centre of the system  is not quite equatorially symmetric 
and rises above the m ajor axis on the southern side of the galaxy. Also, the 
bulge isophotes are slightly more boxy in the upper half of the image. This 
is because the galaxy is not quite edge-on and the absorption in the disk is 
obscuring the image of the lower half of the bulge.
Figure 4.6a shows the central regions of the V image together w ith the 
projected model. The model density includes the contribution of the disk. The 
fit is very good, except in the outerm ost parts of the system. Here there seems 
to be an excess of bulge light compared to  the disk in the model. In fact there 
is little  evidence of the bulge in the outer contours of the data . Figure 4.6b is 
a plot of the projected disk alone.
Figure 4.7a shows the minor axis profile of the model (full line) and the 
V observation (crosses). The two sequences of crosses correspond to  the minor 
axis profiles above and below the equatorial plane of the galaxy. The agreem ent 
is very good except a t the very centre where the d a ta  is severely affected by 
absorption. The B  — V  minor axis colour profile is presented in Figure 4.7b. 
There is no apparent colour gradient in the bulge a t distances greater th an  6 
arsecs from the equatorial plane. The central gradient is due to the m ajor axis 
dust lane.
For all of the above comparisons the m ass-to-light ratio is assumed to  have 
the same value throughout the bulge and disk system , which seems to be the 
simplest assum ption th a t can be made. The values of the mass-to-light ra tio  in
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B and V are calculated using formulae which differ slightly from that used by 
Wilson (1975)
(.M/ L)v =
0.0109 A E a \0 H 0 M0
2 R , Iv  a l  Vr L vo
(M/L) b =
0.0062 A E o \o H 0 M o
2 R t I B a l  Vr L bo
where A is the model scaling parameter defined by equation 2.25. E is the 
dimensionless surface brightness obtained from the model at the same point as 
IB is evaluated. The differences between these equations and those of Wilson 
arise from the different velocity scaling used in this study. The value of the 
Hubble constant used in this study is H  = 75 km/sec/megaparsec and the 
observed recession velocity of NGC 3390 is V = 3100 ±  30 km/sec. The mass- 
to-light ratios found using these constants are,
(.M/ L) v =  3.34
and
(.M/ L) b =  4.77.
The ratio of the bulge-to-disk mass of the model is 0.45.
Figures 4.8, 4.9 and 4.10 contain the comparison between the kinematic ob­
servations and the fitted model. Due to an error in positioning the spectrograph 
slit on the galaxy, the minor axis cut was found to be offset one second to the 
north of the true minor axis. This small difference is significant in the velocity 
comparisons because of the steepness of the rotation curve near the minor axis. 
All of the kinematic observations have the same spatial scale factor as that 
used for the fit to the surface photometry. As can be seen from the plots, the 
agreement between the models and the data is excellent.
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4 .4  D iscu ss io n .
The distribution function model used in this study reproduces bo th  the 
surface photom etry and kinematics of NGC 3390 very well. This implies tha t 
the two classical integrals of motion for an axisymmetric system , the energy 
and z angular m om entum , suffice to determ ine the structure  and kinem atics of 
this box-shaped, cylindrical ro tating bulge. It is not necessary to  invoke a third 
integral or use triaxial models to explain the kinematics and structu re  of this 
bulge. This agrees w ith the  N-body models of May et al. who found the ir final 
box-shaped systems to  be much more axisymmetric then the initial systems.
The major difference between the models used in this study and previous 
ones is the m anner in which the distribution function is truncated . The tru n ­
cation contour is of the same functional form as all of the other contours of the 
d istribution function in the Lindblad plane. This ensures th a t this model has 
exact cylindrical ro ta tion  in the meridional plane, bu t not necessarily in pro­
jection. However the projected ro tation  will be far more cylindrical th an  tha t 
for models which are truncated  at fixed energy. Our truncation  also depletes 
orbits away from the circular velocity curve in the Linblad diagram . Conse­
quently, the models have more net angular m om entum  per unit mass then  the 
energy truncated  ones. The resu ltan t systems are, rotationally  speaking, more 
disk-like than  the spheroidal models, even though they do not possess large 
axial ratios. The mass-to-light ratios found in this study are smaller th an  those 
found by Jarvis and Freeman (1985b) for the large spheroidal bulge of NGC 
4594. These authors found a value of (M / L ) v  = 7.6, com pared to our value of 
( M / L)v  =  3.34 for NGC 3390. This difference in mass-to-light ratios m ay also 
indicate th a t the box-shaped bulges are more disk-like than  the larger spheroidal 
systems. Conversely, Faber et al (1977) found the bulge of NGC 4594 to  have 
[ M / L ) b = 5.1 which is similar to  the value of (M / L ) b =  4.77 found in this
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study for NGC 3390.
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T a b le  4 .1  NGC 3390 Model Param eters
f c B u lg c (jpDisk n ro zo
1.0 3.0 10.0 0.25 0.6 0.06
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F ig u re  4 .1 -  A three hour V exposure of NGC 3390 taken on the Siding
Spring 1.0 m etre telescope.
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F ig u re  4 .2 a -  The meridional density distribution of the bulge model for
NGC 3390. The isophotes are a t 0.5 m agnitude intervals.
F ig u re  4 .2 b -  The projected density d istribution of the bulge model for 
NGC 3390. The isophotes are a t 0.5 m agnitude intervals.
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F ig u re  4 .3 a -  The Linblad diagram  for the NGC 3390 bulge model.
F ig u re  4 .3 b -  The m ean rotation (full line) and circular ro tation  curves 
(dotted line) along the m ajor axis of the bulge model. The circular ro tation 
curve includes the disk contribution.
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F ig u re  4 .4 -  Contour map of the B image of NGC 3390. The contours are at 
0.5 m agnitude intervals and the faintest is at 24.5 m agnitudes. The image has 
been sm oothed using a Gaussian sm oothing kernel w ith a sigma of 0.6 arcsecs.
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F ig u re  4 .5 -  Contour map of the V image of NGC 3390. The contours are at 
0.5 m agnitude intervals and the faintest is a t 23.5 m agnitudes. The image has 
been smoothed using a Gaussian sm oothing kernel w ith a sigma of 0.6 arcsecs.
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F ig u re  4 .6 a -  A contour plot of the central regions of the projected model 
(sm ooth line) and V image. The contour levels are at 0.5 m agnitude intervals 
and the faintest is at 23.5 m agnitudes. The model includes the projected disk 
contribution.
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F ig u re  4 .6 b -  A contour plot of the projected disk at the same resolution 
as Figure 4.6a. The disk isophotes are spaced at 0.5 m agnitude intervals.
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F ig u re  4 .7 a -  The minor axis profile in V. The fit is good over the five
m agnitudes interval from 19 to 24 m agnitudes/square arcsec.
F ig u re  4 .7 b -  The B-V colour profile along the minor axis. The reddening
due to  the central dust lane is evident.
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F ig u re  4 .8 a -  The model (line) and observed (crosses) ro tation  curves par­
allel to the minor axis, bu t offset by one arcsecond north. The velocities are 
relative to  the recession velocity of 3100 km /sec of the galaxy.
F ig u re  4 .8 b -  The model (line) and observed (crosses) dispersion curves 
parallel to the minor axis, bu t offset by one arcsecond north.
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F ig u re  4 .9 a -  The model (line) and observed (crosses) ro ta tion  curves par­
allel to the m ajor axis, bu t offset by 5 arcseconds east.
F ig u re  4 .9 b -  The model (line) and observed (crosses) ro ta tion  curves par­
allel to the m inor axis, b u t offset by 12 arcseconds north .
F ig u re  4 .9 c -  The model (line) and observed (crosses) ro ta tion  curves par­
allel to the m inor axis, bu t offset by 6 arcseconds north .
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F ig u re  4 .1 0 a -  The model (line) and observed (crosses) dispersion curves
parallel to the minor axis, bu t offset by 6 arcseconds north.
F ig u re  4 .1 0 b -  The model (line) and observed (crosses) dispersion curves 
parallel to the minor axis, bu t offset by 12 arcseconds north.
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C H A PT E R  FIVE
N G C  5746
5.1  In tro d u ctio n .
NGC 5746 is a large, late-type disk galaxy with a total B magnitude of 
B t =  11.8 (RC2). This galaxy has a larger disk to bulge ratio than NGC 3390 
and a very prominent dust lane. The system is not quite edge-on and as a 
result one hemisphere of the bulge is obscured by the disk. This disadvantage 
is outweighed by the brightness and size of the system, which make it ideal for 
kinematical study. Figure 5.1 is a reproduction of a three hour IlaO plate taken 
on the Siding Spring 1.0 metre telescope. The bulge is somewhat more boxy 
in appearance than NGC 3390, and has an axial ratio of around 2. The galaxy 
is isolated and does not appear to have undergone any recent interactions with 
other systems.
5.2 F itt in g  P ro ced u re.
The procedure used to fit a self-consistent distribution function model to 
the bulge of NGC 5746 is exactly the same as that applied to NGC 3390. The 
disk scale lengths used in the model were (see Chapter 2 for an explanation of 
the notation), Rq =  108 arcsecs and =  9 arcsecs.
The equatorial radius of the bulge was estimated to be R t = 110 arcsecs. 
The corresponding dimensionless disk scale lengths were then, R0 — 0.98 and 
z0 = 0.08.
The velocity scale factor yjß / 2 was again estimated from the observed cen­
tral velocity dispersion of 147 km/sec. This was the only velocity dispersion 
datum obtained on NGC 5746 (due to bad weather). The dimensionless central
78
dispersion of the model was 0.51 and as a result the velocity scale factor was,
The two bulge parameters Cl and r0 were, r0 =  r*0/R t = 30/110 =  0.27 and
n =  8.0.
The appropriate central potential for the bulge model was estimated from 
the minor axis profile which is illustrated in Figure 5.6. Compared to the cor­
responding plot (Figure 4.7a) for NGC 3390, Figure 5.6 shows a somewhat less 
concentrated system. As a result, the total central potential for the NGC 5746 
model was less than that of the NGC 3390 model. The central potentials for 
the bulge and disk used to model NGC 5746 were,
5.3 Model Properties and Comparison with Data.
The parameters of the model fitted to NGC 5746 are listed in Table 5.1. 
Figure 5.2a is a plot of the density in the meridional plane of the bulge alone 
and Figure 5.2b is a plot of the projected density. The system is so close to 
being edge-on, that it was decided to project the model as if it were edge-on. 
For an axisymmetric system the difference is negligible. As expected the model 
looks very similar to that used for NGC 3390. The major difference between 
the two bulges is the concentration. The Lindblad diagram for the bulge model 
is shown in Figure 5.3a. Here again all of the allowed orbits lie near to the 
circular velocity contour Ectrc. Figure 5.3b is a plot of the mean rotation curve 
and circular velocity in the meridonal plane of the model, along the major axis.
The B image of NGC 5746, obtained from a 2 hour plate taken on the Siding 
Spring 1.0 metre telescope, is shown in Figure 5.4. The inclination of the galaxy
^ 3‘ =  0.5
=  2 .0 .
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to the line of sight accounts for the obscuration of much of the eastern half of 
the bulge. The western half is clear and it is this half which is compared to the 
projected model density distribution.
Figure 5.5 shows the central regions of the B image together with the pro­
jected model. Once again, the model density includes the contribution of the 
disk. The fit to the western parts of the bulge is very good. Unfortunately the 
eastern side of the bulge is so badly obscured that little can be said about the 
fit, or rather lack of fit, to the data.
The minor axis plot together with that of the model is shown in Figure 
5.6. The two sets of crosses correspond to the eastern and western sides of the 
actual galaxy. Once again, the eastern side is badly affected by the disk. The 
western side is well fitted over the first 4 magnitudes in surface density. The 
model predicts slightly lower densities at large distances from the major axis. 
This could indicate that distribution function is not quite correct for very high 
energy orbits. Alternatively, there could be a larger contribution from the disk 
than is present in the model at these large distances. A similar effect was seen 
in NGC 3390 (see Figure 4.7a).
The above comparisons assume the same mass-to-light ratio throughout the 
bulge and disk system. The value found was,
(M/L) b = 4.03.
The model bulge-to-disk mass ratio is 0.34. It is lower than that found for 
NGC 3390, because NGC 5746 has a larger disk.
Figures 5.7a, 5.7b and 5.7c contain the comparsions between the kinematic 
observations and the model. The observed recession velocity of NGC 5746 is 
1670 ±  25 km/sec.
Figure 5.7a is the fit to the major axis observation. The observed rotation 
is higher than in the model due to a large disk contribution along this axis.
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Figure 5.7b displays the very good fit to the cut offset 10 arcsecs from the 
m ajor axis. Figure 5.7c shows the ro tation  along the perpendicular cut offset 
15 arcsecs form the minor axis. The fit is quite good except for the point at 
—7 arcsecs. This discrepancy is probably due to  disk obscuration which results 
in the observer detecting only the light from stars near the outer parts  of the 
disk a t this point. The m otion of these stars is almost perpendicular to  the 
observer’s line of sight and therefore only a relatively small am ount of ro tation  
is detected.
The kinematic model comparisons scale as the central velocity dispersion, 
<j 0 =  147 ±  50. The spatial scales are determ ined from the surface photom etry.
5.4 D iscu ssio n .
NGC 5746 is more box-like in appearance th an  NGC 3390. The lower 
mass-to-light ratio  of NGC 5746 is consistent w ith it being more disk-like then 
NGC 3390. This is not surprising given th a t the bulge of NGC 5746 is situ­
ated in a larger disk than  th a t of NGC 3390. The results for NGC 5746 are in 
agreem ent w ith those found for NGC 3390. The argum ents given in section 4.4 
apply equally well to the bulge of NGC 5746.
In summary, a distribution function depending ju s t on E and hz provides 
a good representation of the density and kinem atical structu re  of the two box­
shaped bulges. The mass-to-light ratios together w ith the kinem atics and the 
appearance of the d istribution function in the Lindblad plane, indicate th a t 
the systems are interm ediate between norm al spheroidal bulges and pure disk 
systems.
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T able 5.1 NGC 5746 Model Parameters
f c B u l g e ^ D i s k
n TO Ro zo
0.5 2.0 8.0 0.27 0.98 0.08
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F ig u re  5 .1 -  A two hour B exposure of NGC 5746 taken on the Siding Spring 
1.0 m etre telescope. W hen the photograph is viewed w ith the 20 arcsecond scale 
line a t the bottom  left-hand corner of the page, north  is to the bo ttom  right 
and east is to the bo ttom  left.
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F ig u re  5 .2 a -  The meridional density distribution of the bulge model for 
NGC 5746. The isophotes are at 0.5 m agnitude intervals.
F ig u re  5 .2 b -  The projected density d istribution of the bulge model for 
NGC 5746. The isophotes are at 0.5 m agnitude intervals.
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F ig u re  5 .3 a -  The Linblad diagram  for the NGC 5746 bulge model.
F ig u re  5 .3 b -  The m ean rotation (full line) and circular ro ta tion  curves 
(dotted line) along the m ajor axis of the bulge model. The circular rotation 
curve includes the disk contribution.
85
R
ot
at
io
n 
V
el
oc
ity
 
E
ne
rg
y
trun c
- 1.0 - 0.5 0.0 ( 
Z—Angular Momentum
Radius
F ig u re  5 .4 -  Contour map of the B image of NGC 5746. The contours are 
at 0.5 m agnitude intervals w ith the faintest a t 25.0 m agnitudes. The image has 
been smoothed using a Gaussian sm oothing kernel w ith a sigma of 1.2 arcsecs.
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F ig u re  5 .5 -  A contour plot of the central regions of the projected model 
(smooth line) and B image. The contour levels are at 0.5 m agnitude intervals 
and the faintest is at 25.0 m agnitudes. The model includes the projected disk 
contribution.
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Figure  5.6- The minor axis profiles in B. The fit is good over the 4.5 
magnitude interval from 19.5 to 24 magnitudes/square arcsec. The eastern 
profile is badly affected by the disk.
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F ig u re  5 .7 a -  The model (line) and observed (crosses) ro ta tion  curves on 
the m ajor axis of NGC 5746. All of the velocities are w ith respect to the 
1670 km /sec system atic velocity of NGC 5746.
F ig u re  5 .7 b -  The model (line) and observed (crosses) ro ta tion  curves par­
allel to the m ajor axis, bu t offset by 10 arcseconds south west.
F ig u re  5 .7 c - The model (line) and observed (crosses) ro ta tion  curves par­
allel to the minor axis, bu t offset by 15 arcseconds south east.
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C H A P T E R  S IX
N G C  6771
6 .1  In tro d u ctio n .
The SO galaxy, NGC 6771 is a member of a group known as the Pavo triplet. 
The entire system is shown in Figure 6.1 and an enlarged photograph of just 
NGC 6771 is shown in Figure 6.2. The other two members NGC 6769 and 
NGC 6770 are late-type spirals which are obviously interacting. The recession 
velocities of the two spirals are 3903 and 3813 km/sec (RC2) respectively. The 
recession velociy of NGC 6771 is quite similar, 4225 km/sec (4216 km/sec is 
the RC2 value). This fact, together with a prominent, asymmetric dust-lane in 
NGC 6771, suggest that it may be interacting with the two nearby spirals.
The bulge of NGC 6771 is an extreme example of a peanut bulge. The 
bulge-to-disk ratio is much higher than that of the two spiral systems NGC 5746 
and NGC 3390. The bulge is severly flattened and has a bow-tie appearance 
rather than the peanut or box-shape of the two spiral galaxies NGC 5746 and 
NGC 3390. Another distinguishing feature of the bulge of NGC 6771 is its 
bright centre. It indicates a centrally condensed system.
It is tempting to spectulate that these differences may be due to the envi- 
roment of NGC 6771, but first let us examine the data.
6 .2  P h o to m etry .
CCD images of NGC 6771 in the four standard broad band colours, B,V,R 
and I, were obtained with the Anglo-Australian Telescope (AAT). Contour maps 
of these images are shown in Figures 6.3 to 6.6. The B contour map (Figure 
6.3) clearly shows the aysmmetric dust lane through the system. Predictably 
the effect of the dust lane is less in the longer wavelength images being very
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slight in the I image. The outer isophotes [ttib >  22.0) of the disk show it to be 
slightly tilted  w ith respect to  the major axis of the bulge. The southeastern side 
of the outer disk is badly affected by foreground stars. The opposite side of the 
disk closest to  the spirals does not suffer from the same problem. Figure 6.7 is 
a larger R image of NGC 6771 which shows th a t, at very low light levels, there 
is a bridge of m aterial extending from the northw est side of the galaxy towards 
the o ther two spirals. This extension and the dust lane, strongly suggests th a t 
NGC 6771 is accreting m aterial from the two spirals. The extension seen in 
the south western side of the I and R images (Figures 6.4 and 6.5) is due to  a 
nearby bright star.
The minor axis profiles in all four colours are seen in Figures 6.8a to 6.8d. 
Com pared to similar plots of NGC 5746 and NGC 3390 the bulge of NGC 6771 is 
seen to be far more concentrated. The profiles indicate the bulge is equatorially 
symmetric.
The minor axis colour profiles, Figures 6.9a to 6.9d, show the asym m etric 
reddening due to  the dustlane. The southwest profile is the worst effected. The 
opposite side of the bulge shows no gradient outside the central two seconds of 
the system , except in B  — / ,  where there is a gradient of nearly 0.5 m agnitudes. 
This suggests th a t there may be a slight problem  w ith the sky background 
fitting in the I  image, although none could be detected. The I  image goes the 
deepest of any of the colours and as a result the galaxy extends over a greater 
portion of the CCD image than  in the case of the o ther images. Therefore it is 
more difficult to  determ ine accurately the sky background for the I  image, and 
it is possible th a t it was under estim ated. This would account for the observed 
gradient. The central reddening in the northeast profile probably indicates the 
beginning of the dust lane.
The major axis profiles of NGC 6771, Figures 6.10a to 6.10d show a promi-
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nent ring-like feature 30 arcseconds from the nucleus. The feature is sym m etric 
about the nucleus and need not be axisym m etric, bu t a ring (or lens) is the 
simplest in terpretation of this feature. The m ajor axis colour profiles presented 
in Figures 6.11a to  6.l i d  show th a t there is no significant colour Variation across 
the ring. This indicates th a t the feature is stellar and not a site of active s tar 
form ation as in many ringed galaxies (Buta, 1984). Therefore the m ost probable 
explanation of this feature is th a t it is an old stellar ring.
At present, the generally accepted m ethod of forming rings in the disks of 
galaxies is the resonance hypothesis (Schwarz 1981, B uta 1984 and references 
therein). The rings are thought to occur near the dynamical Lindblad reso­
nances which are expected in systems th a t are basically axisym metric but have 
a small degree of non-axisym m etry in the density distribution. This implies 
th a t there was at one tim e, or still is, a bar-like component in NGC 6771. It 
is impossible to  confirm this directly, due to the edge-on nature  of the galaxy. 
The triaxial object may be either a bar in the disk or the bulge itself. In fact, 
the difference between a highly flattened triaxial bulge and a bar m ay simply 
be sem antic. Our inability to  fit satisfactorily an axisym metric model to the 
bulge of NGC 6771 (see seection 6.4) also suggests th a t it may be som ewhat 
triaxial. The second SO galaxy IC 4767, discussed in the next chapter has also 
a highly flattened bulge and a similar feature in its m ajor axis profile.
6 .3  K in em a tic s .
Figure 6.12a shows the  observed m ajor axis ro ta tion  curve for NGC 6771. 
The peaked structu re  a t 4 arcseconds from the nucleus is sym m etric about 
the centre of ro tation  and is probably real. The ro tation  curve is a m ixture 
of light from bo th  bulge and disk stars. The 4 arcsecond peak is probably 
due to  the high circular velocities of the disk stars a t this radius. The high 
concentration of the bulge produces a steep potential gradient which results in
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a high circular velocity at this point. The recession velocity found from the 
minor axis observations is 4225 ± 25 km/sec.
Figures 6.12b and c show the perpendicular velocity structure of the galaxy. 
The spectrograph slit was aligned parallel to the minor axis and then offset by 10 
and 15 arcseconds from it, along the major axis to the north west. Figure 6.12b 
is the 10 arcsecond cut and it can be seen that the velocity curve is somewhat 
irregular around 0£ol0 arcseconds. In this region the slit of the spectrograph 
cuts the asymmetric dust-lane, so it is not surprising that the velocity curve 
is disturbed. The other side of the plot shows a fairly regular rotation curve 
which is quite flat, although it does not extend very far from the major axis.
Figures 6.12c shows the rotation curve obtained from the 15 arcsecond per­
pendicular cut. The curve is generally flat but the large scatter due to the dust 
lane which is nearly centered on the major axis at this radius from the nucleus. 
The curve does indicate that the system is probably cylindrically rotating.
6 .4  M o d e llin g  and  D iscu ssio n .
Figures 6.13a and b show the projected density distribution of two attempted 
models of NGC 6771. The parameters for these two models are given in table 
6.1. Figure 6.13a is the best model of NGC 6771 and looks qualitatively like 
the real system The major problem with this model is that it is not centrally 
condensed enough. Also the major axis profile is incorrect due to the absence of 
a ring in the model. Figure 6.14 shows a comparison of the model and observed 
minor axis profile. NGC 6771 has a bright central core, and it is this feature 
which the bulge model fails to reproduce.
The bulge model shown in Figure 6.13a does have the same flattening as 
NGC 6771, except in the very centre. Figure 6.13b shows a model with the 
correct central concentration, but insufficient rotation to produce the required 
flattening. The models seem unable to produce a system with both high con-
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centration and a high degree of flattening, ie. axial ratios greater than  2. This 
will be discussed further in C hapter 8.
Figure 6.15 is a contour plot of bo th  the model and B image. The model 
does not reproduce well the sharp pointed corners of the bulge. As will be 
seen in the next chapter, these corners do not appear in the bulge of IC 4767. 
However, the bulge model pictured in Figure 6.13a illustrates th a t it is possible 
to produce high flattening in less centrally concentrated systems.
Figure 6.16a is a plot of the model and observed m ajor axis ro tation  curves 
of NGC 6771. The observed central velocity dispersion was 215 km /sec and 
was used to obtain the velocity scaling for the models. The length scale, R t = 
QQarcsecs was determ ined from the surface photom etry. The fit to the central 
regions is quite good but the model does not reproduce the dip in the rotation 
curve at 12 arcseconds. If the disk dom inates the light on the m ajor axis then 
this fit is meaningless and one should perhaps be comparing the circular velocity 
curve of the model to  the data. Figure 6.16b is a plot of the circular velocity 
(dashed line) and m ean bulge ro tation  (full line) as function of dimensionless 
radius of the model. The circular velocity curve, which includes the contribution 
from the disk, does not have as large a dip as the m ajor axis ro tation  curve of 
NGC 6771. Again this indicates th a t the bulge model is not as concentrated as 
the real system. In reality the observed m ajor axis curve is a ra ther complicated 
m ixture of bulge and disk contributions. This is especially difficult to model 
in the case of NGC 6771 due to  the complicated nature  of the disk which is 
obviously not well described by a simple exponential light distribution. The 
m ajor axis curve shows th a t the model ro ta tes more than  NGC 6771.
Unlike NGC 5746 or NGC 3390, NGC 6771 is alm ost certainly accreting 
m atte r from the outer parts  of the other two spirals. The bridge between 
NGC 6771 and these system s, seen in Figure 6.7, together with the asymmetric
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dust-lane are strong evidence of accretion.
NGC 6771 differs from the two spirals, NGC 5746 and NGC 3390 in that:
(1) it has a peanut ra ther then box-shaped bulge,
(2) the bulge is flatter, w ith an axial ratio  of 3 : 1 as opposed to 2 : 1 in the 
case of the spiral bulges,
(3) the bulge-to-disk ratio  is significantly higher in NGC 6771,
(4) the bulge is much more concentrated in NGC 6771. It has a concentration 
index of c = R t/ r c & 44. NGC 5746 and NGC 3390 have indices 5.3 and 7.2 
respectively,
(5) there is a ring in the disk of NGC 6771 which is indirect evidence of the 
bulge being triaxial,
(6) NGC 6771 shows clear signs of interaction and accretion from a nearby 
system .
All of these points will be discussed further in C hapter 8.
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T ab le  6 .1  NGC 6771 Model Param eters
Model j ^D t s k n ro R o 20
6.13a 3.5 3.5 17.0 0.22 0.4 0.09
6.13b 5.0 3.0 20.0 0.13 0.4 0.09
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F ig u re  6 .1 -  A 40 m inute Illa J  exposure of NGC 6771 taken on the Anglo- 
A ustralian Telescope. This photograph shows both  the two interacting spirals 
and NGC 6771. W hen the photograph is viewed w ith the 20 arcsecond scale 
line a t the bottom  left-hand corner of the page, north  is towards the top, and 
east is to the left.
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F ig u re  6 .2 -  A magnified version of the same photograph described in Figure 
6.1. The scale mark is 20 arcseconds long and north  is to the top right, and 
east is to the top left.
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F ig u re  6 .3 -  Contour map of the B image of NGC 6771. The contours are 
a t 0.5 m agnitude intervals and the faintest is a t 25.0 m agnitudes. The image 
has been sm oothed using a Gaussian smoothing kernel w ith a sigma of 0.5 
arcseconds.
99

F igu re  6 .4 -  Contour map of the V image of NGC 6771. The contours are 
at 0.5 m agnitude intervals and the faintest is at 24.0 m agnitudes. The image 
has been sm oothed in the same m anner as Figure 6.3.
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F ig u re  6 .5 -  Contour map of the R image of NGC 6771. The contours are 
at 0.5 m agnitude intervals and the faintest is a t 24.0 m agnitudes. The image 
has been smoothed in the same m anner as Figure 6.3.
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F ig u re  6 .6 -  Contour map of the I image of NGC 6771. The contours are 
a t 0.5 m agnitude intervals and the faintest is at 22.5 m agnitudes. The image 
has been smoothed in the same m anner as Figure 6.3.
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F ig u re  6 .7-  Large contour map of the R image of NGC 6771. The contours 
are a t 0.5 m agnitude intervals and the faintest is a t 23.7 m agnitudes. The 
image has been sm oothed using a Gaussian sm oothing kernel w ith a sigma of 
2.5 arcseconds. The two spirals are ju s t to the north  of the image and a bridge 
between them  and NGC 6771 is evident in the top left corner of the image.
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Figure  6 .8a- The minor axis profiles in B.
F igure  6 .8b- The minor axis profiles in V.
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Figure  6.8c- The minor axis profiles in I.
F igure  6 .8d- The minor axis profiles in R.
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Figure  6 .9a- The minor axis colour profiles in B — V .
Figure  6 .9b- The minor axis colour profiles in B — R.
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Figure  6.9c- The minor axis colour profiles in V — R.
F igure  6 .9d- The minor axis colour profiles in B — I.
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Figure  6 .10a- The major axis profiles in B.
F igure  6 .10b- The major axis profiles in V.
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Figure  6.10c- The major axis profiles in R.
F igure  6 .10d- The major axis profiles in I.
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Figure  6 .11a- The major axis colour profiles in B — V .
Figure 6 .11b- The major axis colour profiles in B — R.
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Figure  6.11c- The major axis colour profiles in V — R.
Figure 6 .l i d -  The major axis colour profiles in B — I.
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Figure  6 .12a- Major axis rotation curve for NGC 6771.
F igure  6 .12b- The observed rotation velocities when the slit of the spec­
trograph was aligned parallel to the minor axis, but offset 10 seconds from it 
to the northwest.
F igure  6.12c- The observed rotation velocities when the slit of the spec­
trograph was aligned parallel to the minor axis, but offset 15 seconds from it 
to the northwest.
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F ig u re  6 .1 3 a -  Projected density distribution of model A. The param eters 
of this model are listed in Table 6.1
F ig u re  6 .1 3 b -  Projected density d istribution of model B. The param eters
of this model are also listed in Table 6.1

F ig u re  6 .1 4 -  Minor axis plot of B image, together w ith the m inor axis of 
the model shown in Figure 6.13a. The bright central core which the model is 
unable to reproduce is evident.
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F ig u re  6 .1 5 -  C ontour map of the B image of NGC 6771 overlayed with 
the contours of the model pictured in Figure 6.13a. The model is the dashed 
contours. The contours are a t 0.5 m agnitude intervals and the faintest is at 
25.0 m agnitudes.
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Figure  6 .16a- Comparison of the model and observed major axis rotation
curves.
F igure  6 .16b- The mean (full line) and circular (dashed line) rotation 
curves of the model. The circular velocities include the contribution from the 
disk.
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C H A P T E R  S E V E N
IC 4767  and  N G C  4469
7.1  In tro d u ctio n .
The second SO galaxy studied was the small southern system IC 4767, which 
is illustrated in Figure 7.1. The galaxy lies in a small cluster dominated by a 
large elliptical galaxy. IC 4767 has a large, highly flattened bulge and a bulge- 
to-disk ratio similar to that of NGC 6771. It does not show any signs of recent 
interaction with nearby systems. The light distribution is very smooth and 
there is no apparent dust-lane. The galaxy was chosen because of the extreme 
nature of the bulge. Unfortunately, due to its faintness, it was difficult to obtain 
good kinematic data on the bulge. In contrast, the surface photometry obtained 
was excellent and provides an interesting comparison to that of NGC 6771.
The kinematic observations of NGC 4469 are listed in Table 3.1. No new 
surface photometry was obtained in this study, but, some already does exist 
(Watanabe, Kodaira, and Okamura 1982, hereon referred to as WKO). The 
surface photometry of WKO shows that the system is similar in appearance to 
the other two SO’s studied, which was the reason for its inclusion in the sample. 
The main intention of this study of NGC 4469 was to examine the bulge for 
cylindrical rotation.
7.2 IC  4767 Surface P h o to m etry .
CCD images of IC 4767 in four colours are shown in Figures 7.2 to 7.5. The 
appearance of the galaxy changes little from one map to another, although the 
signal to noise improves at the longer wavelengths. This indicates that there 
are no large colour gradients in the system.
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As explained in C hapter 3, the zero points for the images were obtained 
from aperture photom etry. There was only a single aperture available for the 
calibration of the R and I images of IC 4767. Obviously more apertures would 
be desirable. Figure 3.5 shows the flatness of the sky brightness versus aperture 
plot for the CCD frames. This indicates th a t the error in the CCD calibration 
of the R and I frame is probably the same as th a t of the single photoelectric 
aperture measurem ents. None of the other CCD frames, which had large num ­
bers of aperture m easurem ents, showed any system atic slope in this plot. The 
colour profiles constructed using the R and I frames were consistent w ith those 
from  the B and V frames.
Two foreground stars which lie on the m ajor axis (Figures 7.2 to 7.5) have 
been removed by interpolation. This was done to facilitate the zero point cali­
bration and the construction of m ajor axis profiles. Figure 7.6 is a plot of the 
I image before removal of the s tar images. The two removed stars are m arked 
A and B.
The minor axis profiles are shown in Figures 7.7a to 7.7d. The plots are very 
similar to  those of NGC 6771, and the system  has a similar central concentra­
tion. The minor axis colour profiles are presented in figures 7.8a to 7.8c. The 
system  shows no significant gradient except a t the very centre. The same effect 
is seen in the major axis colour profiles, Figures 7.10a to 7.10d. The nucleus is 
a quarter of a m agnitude redder in B — I  than  the rest of the galaxy. The usual 
in terpreta tion  of such a feature is in term s of a m etallicity gradient due to  the 
centre of the galaxy being composed a more m etal rich, young population of 
stars. The situation in NGC 6771 is not as clear. M uch of the reddening in tha t 
galaxy is due to the asymm etric dust-lane. There is no evidence of any dust 
in the rest of IC 4767 so the gas for the creation of this presum ably younger 
population may of come from the surrounding cluster enviroment.
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The major axis profiles of IC 4767 are shown in figures 7.9a to 7.9d. The most 
striking feature in these plots is again, a prom inent ring-like structure , centered 
30 arcseconds from the nucleus of the bulge. The feature is sym m etrical about 
the nucleus in all of the images except the I frame. The asym m etry in the 
m ajor axis plot of this frame is probably caused by incomplete removal of the 
foreground star m entioned above. For comparison, Figure 7.10a shows the I 
m ajor axis profile before the s ta r removal.
The major axis colour profiles are shown in Figures 7.10b to  7.10d. The 
southwest profile has a sharp peak at a radius of 35 arcseconds. This is probably 
due to the foreground star. The northeast profile has no foreground stars in 
the region of the ring (ie. between 20 and 40 arcseconds). The profile shows 
no sharp colour gradients across this region. Therefore the ring is probably of 
stellar content and similar to  the one seen in the disk of NGC 6771. All of the 
m ajor axis colour profiles show the same red nucleus as seen in the m inor axis 
colour profiles.
7.3  IC 4767 and  N G C  4469  K in em a tic s.
The only kinematics obtained on IC 4767 was the m ajor axis ro ta tion  curve 
which is shown in Figure 7.11a. The recession velocity obtained for the galaxy 
was 3640 ±  35 km /sec.
The recession velocity of NGC 4469 obtained from the minor axis cut was 
563 ±  25 km /sec. Figure 7.11b shows the ro tation  velocities obtained when the 
slit of the spectrograph was aligned w ith, bu t offset by 12 arcseconds from  the 
m inor axis. The ro tation  appears to  be cylindrical, although there is a large 
scatter.
7.4  D iscu ssio n .
The surface photom etry indicates th a t the bulge of IC 4767 has a very similar
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structure to that of NGC 6771. As a consequence, it differs from the bulges 
of the two spirals studied in Chapters 4 and 5 in the same way as NGC 6771. 
There is one important difference between it and NGC 6771: IC 4767 shows no 
strong evidence of interaction with another galaxy. It could be argued that the 
red nucleus is a sign that the system has accreted gas in the past. Alternatively, 
the ring-like structure suggests the bulge is somewhat triaxial, and it has been 
argued that a bar can transport gas into the centre of the disk (Schwarz 1979, 
Kormendy 1979 ). The young stars in the nucleus could be the product of such 
a process. The photometry of WKO shows a ring-like object on the major axis 
of NGC 4469. Therefore it is highly probable that the bulge of this system is 
also triaxial.
Dynamical models of these two bulges will suffer from the same problems as 
that of NGC 6771. The major difficulty is the production of a bulge with high 
flattening and relatively high concentration. This does not mean that these 
systems may not be modelled using a distribution function involving only the 
two classical integrals of motion, E  and hz. It only means that the particular 
distribution used in this study is not able to do so. The major axis data does 
suggest that the systems are triaxial and that therefore another integral motion 
is involved, but, given the relative sizes of the bulge and disk, the bulge would 
probably only need to be slightly triaxial to produce a ring in the small disk 
(Schwarz, 1979).
In summary, IC 4767 is similar to NGC 6771 in five main respects:
(1) it has a peanut bulge,
(2) the bulge is very flat with an axial ratio of 3:1,
(3) it has a higher bulge-to-disk ratio than that of the two spiral galaxies 
NGC 5746 and NGC 3390,
(4) the bulge has a similar concentration to that of NGC 6771 and
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(5) the disk has a ring-like structure at a radius of 30 arcseconds from the 
nucleus.
The only m ajor difference between IC 4767 and NGC 6771 is th a t the former 
shows no clear signs of interaction w ith any other systems.
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F ig u re  7 .1 -  A 40 m inute Illa J  exposure of IC 4767 taken on the Anglo- 
A ustralian Telescope. W hen the photograph is viewed with the 20 arcsecond 
scale line at the bo ttom  left-hand corner of the page, north  is tow ards the 
top-left, and east is to the bottom -left.
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F ig u re  7 .2 -  Contour map of the B image of IC 4767. The contours are 
at 0.5 m agnitude intervals and the faintest is at 25.0 m agnitudes. The image 
has been sm oothed using a Gaussian smoothing kernel w ith a sigma of 0.5 
arcseconds.
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F ig u re  7 .3 -  Contour map of the V image of IC 4767. The contours are at 
0.5 m agnitude intervals and the faintest is a t 24.0 m agnitudes. The image has 
been smoothed in the same m anner as Figure 7.2.
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F ig u re  7 .4 -  Contour map of the R image of IC 4767. The contours are at 
0.5 m agnitude intervals and the faintest is at 24.0 m agnitudes. The image has 
been smoothed in the same m anner as Figure 7.2.
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F ig u re  7 .5 -  Contour map of the I image of IC 4767. The contours are at 
0.5 m agnitude intervals and the faintest is at 23.0 magnitudes. The image has 
been sm oothed in the same m anner as Figure 7.2.
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F ig u re  7 .6 -  Contour map of the I image of IC 4767 before removal of the 
two foreground stars marked A and B. The image has been sm oothed in the 
same m anner els Figure 7.5
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F ig u re  7 .7 a -  The minor axis profiles in B.
F ig u re  7 .7 b -  The m inor axis profiles in V.
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Figure  7.7c- The minor axis profiles in R.
F igure  7 .7d- The minor axis profiles in I.
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F igure  7 .8a- The minor axis colour profiles in B — V .
F igure  7 .8b- The minor axis colour profiles in B — R.
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Figure  7.8c- The minor axis colour profiles in B — I.
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F igure  7 .9a- The major axis profiles in B.
F igure  7 .9b- The major axis profiles in V.
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F igure  7.9c- The major axis profiles in R.
F igu re  7 .9d- The major axis profiles in I.
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F ig u re  7 .1 0 a -  The m ajor axis profiles in I, before the removal of foreground
stars.
F ig u re  7 .1 0 b -  The m ajor axis colour profiles in B — V .
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Figure  7.10c- The major axis colour profiles in B — R.
F igure  7 .10d- The major axis colour profiles in B — I.
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F ig u re  7 .1 1 a -  M ajor axis ro tation  curve for IC 4767.
F ig u re  7 .1 1 b -  The observed ro tation  velocities when the slit of the spec­
trograph was aligned parallel to the m inor axis of NGC 4469, bu t offset 12 
seconds from it to  the east.
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C H A PT E R  EIG H T
D iscussion and Conclusions.
8 .1  S u m m ary  o f  D is tr ib u tio n  F u n ctio n  P ro p er tie s .
The main aim of this thesis is to  produced self-consistent d istribution  func­
tion models which reproduce both  the density and velocity distributions of a 
sam ple of four box-shaped bulges. Previous studies (Binney and P etrou  1985, 
and M ay et al. 1985) have indicated th a t the unusual struc tu re  of these types 
of system s m ay be due to  a th ird  integral. In contrast, the d istribution  func­
tion considered here is a function only of the two classical isolating integrals 
of m otion for an axisym metric system, energy and z-angular m om entum . The 
functional form of the d istribution function is
The flattening and box or peanut s truc tu re  in these models is due to the 
m ean ro ta tion  distribution and not a th ird  integral. This is one of the  m ajor 
differences between the models presented here and those of Binney and Petrou
An advantage of using this type of d istribution function to  model axisym m et­
ric system s, is th a t self-consistent models can be constructed. This is currently  
not possible for models involving a th ird  integral of m otion because the exact 
form  of the th ird  integral depends on the form of the potential, which is not 
initially known.
if X <  0;
if X >  0.
(2 .8 )
where
(1985).
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The m ain difference between these models and previous ones which use
distribution  functions involving just E  and hz is the mode of truncation of the 
d istribution  function. Traditionally, an energy cut-off has been used to limit the 
extent and mass of the systems. This mode of truncation  ensures th a t a t large 
radii a greater proportion of the orbits are highly elongated. At the boundary, 
only purely radial orbits exist, and therefore the m ean ro tation  velocity in these 
models m ust fall to zero a t this point. In the models presented in this study, the 
truncation  contour has the same functional form as th a t of all the other contours 
of the distribution function. Thus in the Lindblad plane the truncation contour 
has the same shape as all of the other quadratic contours. The use of this type 
of truncation  ensures th a t this system is cylindrically ro tating  (see C hapter 2). 
Also, because the contours are quadratic in shape and can partially follow the 
circular velocity line in the Lindblad diagram , flat and peanut shaped systems 
can easily be produced. Models which have straight contours (ie. r0 =  oo 
in equation 2.8), ro ta te  cylindrically, b u t are fairly spherical in appearance 
(see Model A of C hapter 2). This means th a t cylindrical ro tation does not 
necessarily imply box-shaped structure.
In addition, models were constructed using a different distribution function 
which had  the functional form,
The contours of this distribution function, which are shown in Figure 8.1a, 
are not all of the same (quadratic) shape, and as a result the ro tation  is not 
cylindrical. The model is truncated  in energy and angular m om entum , as well 
as being lowered. In Figure 8.1, E q = 0 and h0 = —0.2. The contours vary 
from being nearly straight lines at low energies, to approxim ately logarithmic 
a t high energies. As the z-angular m om entum  cut-off (h0 in equation 8.1),
if E  < E0 and hz >  /i0; 
elsewhere.
(8.1)
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which is negative, is raised to slightly higher values (ie. closer to zero), fewer 
low z-angular m om entum  orbits are present in the model. Models which are 
peanut-like in shape can be made using this distribution function. Figure 8.1b is 
a plot of the meridional density distribution of one such model. This particular 
model included a small imposed disk potential. The system  is quite peanut­
like, bu t because the contours are not the same shape and quadratic it does 
not ro ta te  cylindrically. These models dem onstrate th a t if a galaxy has box or 
peanut-shaped isophotes, it need not necessarily ro ta te  cylindrically.
Thus there are two ingredients for a simple, two integral model of a cylin­
drically ro tating , peanut bulge.
(1) All of the contours of the d istribution function in the Lindblad plane 
m ust be of the same functional form (ie. the same shape).
(2) The contours m ust follow as closely as possible the shape of the circular 
velocity curve in the Lindblad plane.
These models show quite clearly the im portance of the mode of truncation  
of the d istribution function. It is ju st as im portan t in determ ining the structu re  
and dynamics of the system, as the actual functional form of the distribution 
function used.
8.2 Su ccess o f  M od els  and Im p lica tio n s for T riaxia lity .
Two of the systems studied, NGC 5746 and NGC 3390, are late-type spirals 
w ith small bulge-to-disk ratios. It was found th a t these systems could be m od­
elled very well using the distribution function outlined above (equation 2.8). A 
constant mass-to-light ratio was used throughout the models which reproduced 
the kinem atic and density distributions of the two bulges. The success of these 
models indicate th a t the bulges are probably only mildly triaxial, if a t all. The 
m ajor axis profiles for the slightly inclined spiral, NGC 5746 are shown in Fig­
ure 8.2. The plots are quite noisy due to the partial obscuration by the dust in
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the disk, and there are a couple of foreground stars present which distort the 
profiles somewhat. However, there is no apparent symmetric ring feature as 
found in NGC 6771 or IC 4767. According to the resonant hypothesis of ring 
formation in the disk of galaxies (Schwarz, 1979), it should be easier for a ring 
to form in a gaseous disk than in a purely stellar one. Therefore, it would seem, 
from the lack of a prominent ring feature in the major axis data, that the bulge 
can be well described by a simple axisymmetric model.
Another spiral with a box-shaped bulge which has been observed extensively 
is NGC 4565. Kormendy and Illingworth (1982) found the bulge of this system 
to be rotating cylindrically. Jensen and Thuan (1982, hereafter referred to as 
JT) found the minor axis of the bulge to have an almost exponential surface 
brightness distribution. JT  state that the box shape of the bulge, the cylindrical 
rotation and the exponential minor axis profile implies that it is a bar seen 
edge-on. However, it was shown in Chapter 4 that the bulge of NGC 3390 
has all three of these properties, and is well described by an axisymmetric 
model. The other spiral bulge studied here, NGC 5746, has a minor axis profile 
which is slightly less condensed than exponential. It is similar in many other 
respects to NGC 4565 and it also is well described by the axisymmetric models. 
Unfortunately, it is difficult to completely settle the question of triaxiality in 
these systems. It is necessary to view them edge-on to see their box structure 
and cylindrical rotation. All that has been shown in this study is that it is not 
necessary to invoke triaxiality to explain the observed structure of the bulges 
of the spirals.
The models of the SO galaxy NGC 6771 agreed only qualitatively with the 
observations. The main problem with these models was not the reproduction 
of the peanut shape; the models agreed quite well with the surface photometry 
at intermediate to large radii. The models were not able to produce the high
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central concentration and flattening of the observed bulge. That is, models 
could be produced, such as the one illustrated in Figure 6.13a, which had the 
correct flattening but were not centrally concentrated enough. Alternatively, 
models like the one pictured in Figure 6.13b have the correct concentration 
but insufficient flattening. However, the minor axis profiles (Figure 6.14) of the 
former model show that it is only the central 3 or 4 arcseconds of the bulge which 
disagree significantly with the surface photometry. It is difficult to comment 
on the dynamics of this system because of the confusion caused by the disk 
contribution. More kinematic data is required, especially at points offset from 
the major axis.
The ring-like features in the major axis profiles of the two extreme bulges, 
NGC 6771 and IC 4767, suggest that the bulges are somewhat triaxial. The 
large sizes of the bulge-to-disk ratios in these systems suggest that the potential 
due to a mildly triaxial bulge would make a greater contribution to the total 
potential field than in the case of a small bulge like NGC 5746. However, the 
rings seen in the disks of the two SO galaxies are probaly stellar. The resonant 
theory of ring formation requires a fairly strong bar-like potential in order to 
produce a ring in a purely stellar disk (Schwarz, 1979). An alternative theory 
for the formation of purely stellar rings is that they are the end product of 
the same process in an initially gaseous disk. The gas forms a ring under the 
action of a mild, bar-like potential and this ring then becomes a site of active 
star formation. Eventually the gas in the system is depleted, leaving behind 
a stellar ring. This scenario does not require a strongly triaxial potential to 
produce a purely stellar ring. Buta (1984) has noted that stellar rings often 
occur in systems which appear axisymmetric, such as NGC 7702. This inclined, 
SO galaxy has a prominent ring, but no obvious bar. The bulge appears to be 
axisymmetric.
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8.3  O th er D istr ib u tio n  F u n ction s.
The presence of rings in the disks of the SO galaxies studied here, indicate 
that their bulges are probably triaxial. However, the systems may only be 
mildly so, and it is quite possibly that they may also be modelled a using 
slightly different axisymmetric models to those presented here. The one major 
deficiency of the models of the SO bulges is their inability to produce high 
enough concentrations in systems with the correct flattening. This is because 
the contours of the distribution function, in the Lindblad diagram, are not able 
to closely follow the circular velocity line of a highly condensed system. To 
produce more centrally condensed models which have the required flattening, 
a distribution function is required with contours that are more curved then 
the quadratic ones used here. Perhaps a systems with somewhat logarithmic 
contours, similar to the ones outlined by Toomre (1982), would have the correct 
properties. Therefore a likely candidate for a distribution function with all of 
these properties is,
f ( E , h z) e if X < 0;
0, if x  > 0.
where
X  =  E  -  n i n ( l  +  ^ ) ,
ho
with hz > h0 and h0 < 0.
A natural extension of this study would be to model some of the elliptical 
galaxies which have been recently discovered to have box-shaped outer isophotes 
(Lauer, 1985). These systems, although quite centrally concentrated, are not 
very flat (ie. axial ratio less than 2.0). Therefore it is likely that the difficulty 
encountered with the modelling of the SO galaxies, would not arise. Unfortu­
nately, although extensive surface photometry of many elliptical galaxies is now 
available, very little off-axis kinematic data exists. As a result, it not known
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w hether or not these systems ro ta te  cylindrically. An observational program  to 
collect complete kinematic, and surface photom etry d a ta  sets on a sample of 
these galaxies would be very useful.
8.4  A p p lica tio n s  to  th e  M ilky W ay.
The Milky Way has often been com pared to NGC 4565 and it is possible th a t 
it may also have a box-shaped bulge. If this is the case then the bulge should 
show cylindrical ro tation. The determ ination of the vertical (ie. z direction) 
velocity structure  of the bulge could therefore lead to  valuable insights into the 
structu re  of this im portant com ponent of our galaxy.
Ken Freeman and I therefore decided to  investigate the velocity struc tu re  
in three galactic bulge fields a t longitude 330°. The fields were chosen so as 
to maximize our chances of finding bulge K giants. The latitudes of the fields 
range from  —9° to —27° and were selected so th a t if the bulge is spheroidal, 
as opposed to  boxy, the mean ro tation  of the three fields will be significantly 
different (as shown by our models of speroidal system s). We selected the K 
giants on the basis of their apparent m agnitude and colour range and as a 
result there will be some contam ination of the sample by nearby disk K dwarfs. 
We have obtained spectra on over 300 stars in these fields and are presently 
reducing these to obtained the velocity, abundance and luminosity class of each 
of the stars. This study should provide us w ith interesting inform ation on the 
vertical abundance and velocity structu re  of the bulge. M ost im portantly, we 
would like to determ ine if the bulge of the galaxy is cylindrically ro tating .
8.5 F orm ation  o f B o x -S h a p ed  B u lg es.
At present there are three m ain theories which describe the form ation of a 
box-shape bulges. The theory of May, van A lbada and Norm an (1985, herein 
referred to  as MAN) requires an initially spheroidal proto-bulge to  be subjected
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to  a cylindrical torque. MAN suggest th a t this torque could be due to a transien t 
bar in the disk of the galaxy. In their models the torque is applied for a period 
of 0.64 Gyr after which it is removed and the system settles into an equilibrium  
configuration w ith box-like isophotes. MAN do not claim th a t their transient 
bar m echanism  represents the actual form ation history of a peanut bulge; it is 
a convient experim ental device to  produce one. In particular, it is no t yet clear 
th a t a bar, once formed in a disk, will evolve into an axisym metric structure. 
Korm endy (1979) speculates th a t bars may evolve into axisym metric structures 
such as lenses, bu t N-body experim ents by Miller and Sm ith (1979a and b) 
indicate th a t bars are quite long lived and difficult to  destroy.
The two SO galaxies, NGC 6771 and IC 4767, show direct evidence for the 
presence of a triaxial component being present. Jarvis (1986) has argued th a t 
the high proportion of box-shaped bulges in late type spirals is evidence for 
the MAN mechanism. His argum ent is th a t the later type galaxies have larger 
disks and therefore probably larger bars relative to the size of their bulges. The 
action of the bar is therefore stronger in late type galaxies and these systems are 
more likely to  have peanut bulges. Observationally, the evidence only partially 
supports the MAN picture. The two SO galaxies, which have the more extrem e 
peanut bulges compared to the spirals, also have much larger bulge-to-disk 
ratios. Presum ably the potential due to a bar in the small disks of these systems 
will be weak compared to  th a t of the bulges. Therefore one would not expect 
these systems to have as extrem e peanut bulges as the two spiral galaxies if 
Ja rv is’s suggestion is correct. In addition, the m ajor axis of the spiral galaxy, 
NGC 5746, shows no sign of a ring, and therefore of a triaxial com ponent.
The second theory of box-shaped bulge is a variation on the classical picture 
of galaxy form ation (Eggen, Lynden-Bell and Sandage 1962). In th is picture, 
the collapse of the galaxy began at a tim e when the roughly spherical proto-
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galaxy wa5  much larger than  the present galaxy. Some stars formed as the 
collapse proceeded through stages of increasing flattening (these are the stars 
of population II and the interm ediate population), bu t most of the protogalaxy 
dissipated to a disklike configuration. At some stage in the collapse, pa rt of 
the  protogalaxy which was destined to become the bulge dissipated to  a cen­
tra l spheroidal structu re  before forming stars. Jarvis (1981) has discussed the 
dynam ical properties of the more spheroidal bulges: in the Lindblad diagram, 
they fill a region bounded by a simple energy cutoff, in contrast to the Lindblad 
diagram  distributions shown for our box bulges (see Figure 4.3a).
Jarvis has already suggested th a t these box bulges had a more dissipative 
history than  the spheroidal bulges. How can we understand the form of their 
d istribution  function, and particularly the form of their cutoff, w ithin a dissipa­
tive picture ? Again, imagine the dissipative collapse of a ro tating  protogalaxy, 
m ade up of discrete clouds. As the collapse proceeds, the m ean ro tation  of 
the protogalaxy increases. An individual cloud loses energy though encounters 
w ith  o ther clouds, and its angular m om entum  will be driven towards the mean 
angular m om entum  of clouds at its location. Thus, as the collapse proceeds 
tow ards a disklike configuration, the clouds diffuse downwards and to  the right 
in the Lindblad diagram , towards the circular velocity line. In this process, we 
can see qualitatively the origin of a cutoff in the Lindblad diagram  th a t runs 
approxim ately parallel to the circular velocity line.
The structure  of the stellar system  th a t results from this collapse depends 
on the stage th a t the collapse has reached bfore s tar form ation occurs. For 
example, if the collapse proceeds all the way to the circular velocity line, then  the 
resulting stellar system  will be a disk in ro tational equilibrium . Alternatively, 
if the density gets high enough for s tar form ation in some parts  of the gas cloud 
during the collapse, before the system  becomes a flat disk, then  a stellar bulge
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com ponent will be produced. The rest of the gas presum ably settles into a disk.
The relative sizes of the disk and bulge, and the kind of bulge th a t is pro­
duced, will depend on how far the collapse had progressed before s ta r form ation 
took place. If s tar form ation occurred early in the collapse, then  one m ight ex­
pect a large spheroidal bulge to be formed (ie a system  in which little redistribu­
tion of energy and angular m om entum  had occurred in the Lindblad diagram ). 
However, if the gas dissipated almost down to  a disk before forming stars, the 
resu ltan t bulge may be box-shaped and rapidly ro tating . This scenario could 
explain the preference of box-shaped bulges to  occur in late-type disk galaxies. 
However, the large SO box-shaped bulges do not fit naturally  into this picture. 
In these systems, the bulge-to-disk ratio  is large, and the picture would require 
th a t s ta r form ation be inhibited until the collapse has progressed almost to  a 
disklike configuration; then , at th a t point, most of the protosystem  tu rned  into 
stars (the large box bulge), leaving only a small am ount of gas to  form the disk. 
Also, we note th a t the sm all boxy bulges in the two spirals are not as flat as 
the  SO bulges. One m ight expect, in the dissipation picture, th a t the smaller 
bulges would be flatter th an  the larger systems, simply because s ta r form ation 
occurred at a later date in the smaller systems.
NGC 6771 shows clear signs of interaction w ith the two nearby spiral galax­
ies. This lends weight to  the th ird  m ajor theory of peanut bulge form ation, 
as proposed by Binney and Petrou  (1985, hereon referred to as B P). These 
authors envisage the form ation of a box-shaped bulge through the accretion of 
small satellite galaxies by a large disk galaxy w ith a norm al spheroidal bulge. 
BP considered a satellite galaxy on a roughly circular orbit which is inclined 
to the equatorial plane of the host disk system. The orbit of this satellite 
will decay through the action of dynam ical friction and the small galaxy will 
eventually spiral into the much larger host. The resu ltan t com bination of the
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norm al spheroidal bulge and the highly ro tating  satellite will then  produce a 
box-shaped bulge. In support of this picture, we note th a t NGC 6771 seems to 
be accreting stars a t an angle which could produce a box-shaped bulge via this 
mechanism . Also, the peanut shaped galaxy NGC 128 seems to  be interacting 
w ith  a nearby satellite. This galaxy presently has two satellite system s and 
could easily have had more.
In the accretion scenario of BP, it may not be essential th a t the host system 
already has a norm al bulge. The box-shaped and peanut bulges could be totally 
constructed  from the accretion of one or more satellites. Also, Quinn and 
G oodm an (1986) have shown th a t the dynam ical friction of a large disk on the 
orb it of a satellite decreases the inclination of the plane of the sate llite’s orbit 
for a wide range of initial inclinations. Therefore it may not be necessary for the 
initial o rbital plane of the satellite to  be inclined in a particularly  favorable way, 
ie. low inclination, to produce a box-shaped bulge. The action of dynamical 
friction on the satellite is dissipative, in the sense th a t some of the orb ital energy 
of the satellite is transferred to the velocity dispersion (heat) of the  disk stars. 
The resu ltan t bulge may very well look like a som ewhat dissipated s tructu re  in 
the Lindblad plane, which is the appearance of the equilibrium  models presented 
in this study.
BP s ta te  th a t it is unlikely th a t the collision of two galaxies of sim ilar size 
will produce a box-shaped system. The rapidly varying gravitational potential 
during such an event will tend to  scatter the orbits of the stars in the m anner 
described by violent relaxation theory (Lynden-Bell, 1967). This theory predicts 
th a t only the two integrals, E and /i*, would be im portan t in determ ining the 
struc tu re  of the resu ltan t system . The clumping of orbits around a particular 
section of action space due to the presence of a th ird  integral, required by BP to 
produce their box-shaped systems, would then no longer occur. However, this
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is no t a constraint on our models because they depend on E  and hz . Therefore 
this process may be a m ethod by which the boxy ellipticals are formed with 
d istribution  functions similar to the one used here.
IC 4767 shows no colour gradient, except in the very centre, and this give 
some constraints on the accretion picture. Satellite galaxies, even relatively big 
ones, are generally m etal deficient com pared to  disk galaxies If the bulge was 
formed from accreted satellites, then it should be somewhat more m etal poorer 
th an  the disk. This does not appear to be the case, which suggests th a t the 
satellite may have been of com parable mass to  the host disk galaxy. Presum ably 
it would still have to  be smaller than  the host, or else it is difficult to  see how 
the  original disk of the la tte r could survive. In this context, we note th a t the 
disks of NGC 6771 and IC 4767 do have smaller axial ratios then  those of the 
two spirals; perhaps this is an indication of quite violent heating occuring in the 
disks of the these two SO galaxies. A lternatively, Silk and Norman (1981) argue 
th a t the merger between two spirals can form an SO. The disks of the original 
system s are destroyed and the stars go into the resu ltan t spheroid. A new disk 
forms from the gas of the two original systems. It is likely th a t there would 
be significant merger-induced s tar form ation in this disk, which could rapidly 
deplete the gas to give the galaxy an SO appearance. This scenario is consistent 
w ith the large sizes of the bulges in the two SO galaxies. Also, we note th a t 
some of the simulations by Quinn (1984) of disk galaxy mergers resulted in a 
triaxial objects: this may help us to  understand the triaxiality  of the bulges of 
the SO galaxies.
To make this discussion quantitative, fully self-consistent sim ulations of such 
merger events are needed. The simulations would be conceptually sim ilar to 
those of Quinn and Goodm an bu t should use realistic satellites. The final 
s truc tu re  formed by the stars which were originally satellite members could
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then be examined. In particular, it would be interesting to see if the radial 
density profiles of observed box-shaped galaxies could be reproduced.
8.6 Conclusions.
New axisymmetric distribution function models for the bulges of spiral and 
SO galaxies have been constructed which have both cylindrical rotation and 
a box or peanut-like appearance. The distribution function is a function of 
only the two classical isolating integrals of an axisymmetric system, energy 
and z-angular momentum. The major difference between these models and 
previous ones is the manner in which the distribution function is truncated. 
The truncation is made in a manner believed to be consistent with a system 
which has undergone significant amounts of dissipation.
Models constructed using this distribution function were compared with the 
box-shaped bulges of two spiral galaxies, NGC 3390 and NGC 5746. The models 
were a good fit to both the surface photometry and kinematic data of these two 
systems. No variations in the mass-to-light ratio in the systems was necessary. 
These models indicate that the bulges are at most only mildly triaxial.
The bulge of the SO galaxy, NGC 6771, was also modelled using the above 
distribution function. The fit to the surface photometry of the very centre of 
the bulge was poor, but the model did represent the other parts of the bulge 
reasonably well. The ring structures observed in the disks of both of the SO 
galaxies, NGC 6771 and IC 4767, are evidence for triaxiality of these bulges. 
No colour gradients were seen in the peanut bulge of the SO galaxy IC 4767, 
except at the very centre.
We tend to favour the merger picture of the formation of box-shaped bulges. 
The small, axisymmetric, boxy bulges of the two spiral galaxies could be formed 
by the accretion of small satellite galaxies (BP). Dynamical friction acting on 
the satellite (Quinn and Goodman, 1986) pulls the orbit of the satellite down
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tow ards the plane of the disk galaxy. Eventually the satellite is disrupted, and 
will settle into a structure  which, because of the action of the dynamical friction, 
appears in the Lindblad plane to have suffered dissipation.
The larger, flatter bulges of the two SO galaxies could be formed from merg­
ers of similar sized disk galaxies. This could account for their larger size, tri- 
axiality, lack of colour gradient and perhaps the fact th a t they occur in SO 
systems.
Realistic sim ulations of the above form ation processes need to be carried 
out. The results of these sim ulations can then  be com pared to the equilibrium 
models to test their validity.
Finally, the models show th a t systems w ith  quite unusual structures and 
dynamics can be created using only the two integrals, E and hz. We recognize 
th a t th ird  integrals axe probably im portan t in determ ining the strucure and 
dynamics of the large ellipticals (Binney 1980a) which appear to be flattened 
by anisotropy and not by ro tation . These integrals are surely present in the box­
shaped ellipticals, bu t may not be as im portan t in determ ining the structure 
of these systems ie. their d istribution function may only depend weakly on the 
th ird  integral. It would be interesting to a ttem p t to model these systems using 
the d istribution function presented here.
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F ig u re  8 .1 a -  The contours of the d istribution function whose functional
form  is given in equation 8.1.
F ig u re  8 .1 b -  The m eridional density d istribution of the model described 
in Figure 8.1a.
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F igure  8 .2 - The major axis profiles of NGC 5746 in B.
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A P P E N D IX  A
The D ensity  Integral.
The density at any point in the model can be calculated once the potential 
is known. The integral for the density is
•x<o
p(r,0) = j  e dvydvgdv^
where
E — fihz +
2 rl
v \R2 * + $= l v i + r i - ^ R +  2to
1 , 1 , ,  o r , .
=  - « x  +  (*v--------r ) 2 +  *  -2 2 ' ' a.“ ' a Ä
and a 2 =  (1 + R2/rl).
As mentioned in section 2.6, this integral is most easily evaluated in a differ­
entially rotating reference frame. The transformations to the appropiate frame
are:
v'r =  V r 
v'g =  V 6
«4 = ™ )
After substitution x becomes
x' = h :2 + h ;2 + \v i + *' (2 .15)
where is the pseudo or effective potential, defined as
* ' M ) .  .  - a L
The density integral in this frame becomes
(i«*+M+W+*')
(2.16)
p{r,0) =  ~a
J  e - ß ^ v ? + i v > + i v * + * ' ) d v r d v e d v ll,
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Because the integrand and the limits of the  integral are quadratic in the three 
velocities, these can be combined into a velocity m agnitude. This is the same 
procedure used by King (1966) in the spherical case. The density equation 
becomes
p(r,6) =  —  [  e~ßv*/2e~P®'v2 dv
a J o
=  —  «-'** f
a  Jo
Letting v  =  v the expression for the density becomes
I ■■ y /—2$
/>M) = ^  I  ^ dV ~
= 5(\/5e^ ’er/(x/=^ ) ~ v/=*F)
Using the dimensionless quantities outlined in section 2.7 the density becomes
P(M) = • ^ ( e$V ? er/ ( v^ 7) ~a p j  v ^
This is the same as equation (2.17) where,
^  =  the dimensionless effective potential.
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A P P E N D IX  B
The V elocity D ispersion Integral.
The velocity dispersion at any point in the model is
<h2 =  -  fo> s
1 rx< o
(v2) = -  t~ßxv\ dvrdvedv^ 
0 J
where
1 rx 0
P
and i =  r, 9 or <j>.
Due to the fact th a t the d istribution function is quadratic in vr and v$
(v8) = {vr) = 0
( s i )
and
<*,*> =  <»,*>
As for the density calculation, the dispersion integral (B l) is m ost easily 
evaluated in the differential ro ta ting  reference frame defined in Appendix A. 
The relationships between quantities in this reference frame (denoted by primes) 
and the inertial frame are
( £ 2)'2 2 <7_ =  at
a a -- O r
'2 2 2 
O f  =  O^CL
(B 3)
where a 2 = (1 +  R 2/ r q). The first two results are fairly obvious, the second 
follows from
=  ( l +R*/rl)
and
W  = °-
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Also, in the rotating frame
a '2
where
and
<K*+K+K+*’>
! e-ßli«?+W+b?+*')v» dvldv'ßdv'^
[B 5)
$ '( r ,0 )  =  $  -
i n 2ß 2
(2.16)
Once this integral is evaluated all of the  dispersion com ponents in the non­
rotating  frame are easily found via equations (B2, B3, B4). Only quantities 
in the rotating fram e will be considered hereafter so the prim e superscript will 
now be dropped. The velocities can be combined, once again, to  form a velocity
m agnitude.
Therefore
P°l =  ^ (u 2)
a/ - ^ 7
=  —  f  e- ß^ v2+<b,)v4 dv
3a Jo
0
\/ - 2 < I > '
=  2 $ ')3/2+ !  f  ‘Saß  K K ’ ß  1 d v K ’0
=  -  V -2 /J * ' -  i ( - 2 / 3 $ r /2)
Using the dimensionless quantities outlined in section 2.7 the dimensionless 
dispersion becomes
pa 2r
2tt
a ß z!2
e r / (%/¥') —
where
=  the dimensionless effective potential.
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A P P E N D I X  C
P h o to m e tr y  T ra n sfo rm a tio n  E q u a tio n s.
The general transform ation equations betw een the photographic and photo­
electric m agnitudes are
5  =  cb +  6 — 0.03(ß  -  V)
V  = cv +  v +  0 .11(ß  — V)
where B,V are the photoelectric m agnitudes and b,v are the raw photo­
graphic fluxes 
b =  —2.5 log Fv 
v =  —2.5 log Fb
Therefore the colour equation becomes
B  - V  = 0.877cbv +  .877(6 -  v) (C l)
where cbv = cb — cv. From  our surphace photom etry  we obtained the m agnitudes
B' = b +  C6 (C2)
V' = v + cZ (C3)
which assumes an average colour throughout the galaxy. From the above equa­
tions it can be shown th a t
B  = cb -  c~b +  B' -  0 .03(5  -  V)
and in the case of an aperture m easurem ent 5  =  B'.  This is not true for a 
point m easurem ent. Therefore 
cb -c~b = 0 .03(5  -  V)  
and
cv — — —0.11(5  — V)
and as a result
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CJ„ -  cbv =  0.14(ß -  V) (C4)
Now from equations C l and C2 it can be shown
( 6 - » )  =  (B -V ) '-< 5 T
Finally, combining this with equations C l and C4 one obtains 
( 5 -  V) =  0.123(5 — V) +  0.877(5 -  V)', and similarly 
V  =  -0 .097(5  -  V) + V  + 0.097(5 -  V)'
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